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FIBERGLASS  MATERIAL 
SPECIFICATION  TEST  SUPPORT 

by 

P.  E.  Bailey#  B.  Mayo#  E0  3.  Bradbury# 
6.  R.  Mattery#  and  R.  3.  Dick 


SUMMARY 

Battelle  has  conducted  a  preliminary  Investigation  for  the 
U.S.  Coast  Guard  to  establish  an  Information  baseline  Into 
possible  causes  for  the  blistering  of  gel  coat  laminates  on 
boats*  - - —  - - 

V 

To  accomplish  this  task#  Battelle  divided  the  program  Into 
two  parts:  a  computer-aided  literature  survey  and  sample 
analysis. 

The  purpose  of  the  literature  survey  was  threefold:  (1) 
Identify  the  extent  of  the  problem#  (2)  determine  what  othor 
research  has  been  done  In  the  past!  end  (3)  determine  If  any 
Information  exists  from  other  fields  of  Interest  that  may  relate 
to  the  blistering  problem. 

The  purpose  of  the  sample  analysis  task  was  to  confirm  or 
refute  Information  found  In  the  literature  survey  and  to  aid 
Battelle  In  forming  hypotheses  on  the  causes  of  blistering. 

The  literature  survey  covered  six  data  bases  between  the 
years  1980-1965.  A  total  of  246  abstracts  were  reviewed  and  38 
articles  were  selected  for  full  review. 

For  purposes  of  discussion  In  this  report#  survey  results 
have  been  divided  Into  four  areas:  (1)  extent  of  problem)  (2) 
mechanics  of  blister  formation#  (3)  suspected  causes  of  blister¬ 
ing#  and  (4)  accelerate  testing. 

According  to  the  literature#  estimates  on  the  extent  of  the 
problem  vary  with  the  source#  but  for  boats  that  spend  most  of 
their  time  In  the  water#  estimates  ire  as  high  as  20-48*.  Never 
boats  appear  to  have  a  greater  Incidence  of  blistering  and  some 
estimates  state  that  BOS  of  all  boats  now  being  built  using  glass 
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reinforced  polyester  will  eventually  experience  some  degree  of 
blistering. 

— It  appears  to  be  generally  agreed  that  osmosis  (diffusion) 
Is  the  predominant  mechanism  for  the  onset  of  blister  formation, 
but  little  agreement  Is  found  beyond  that.  The  suspected  causes 
of  osmosis  are  reported  to  be  caused  by  either  physical  or 
chemical  debonding  between  the  laminates  or  between  the  gel  coat 
and  the  laminate.  In  physical  debonding,  water  permeates  through 
the  gel  coat  Into  an  Interface.  At  some  point,  an  osmotic 
gradient  Is  set  up  and  more  water  Is  pulled  Into  the  area  which 
will  eventually  form  a  blister.  ^14  ms  also  found  that  chemical 
debonding  may  be  caused  by  hydrolysis  (breaking  a  chemical  bond 
and  adding  water)  of  the  glass  at  an  Interface,  thereby  breaking 
the  chemical  bonds  and  setting  up  an  osmotic  cf  11 .  ^ 

It  Is  apparent  that  there  Is  probably  no  Single  cause  of 
blistering.  Groups  who  have  studied  blister  formation  are 
divided  between  those  who  say  there  Is  a  problem  with  the 
materials  used  or  the  formulation  of  the  resin,  and  those  who  say 
that  the  problems  stem  from  faulty  fabrication  techniques.  In 
reality,  blistering  may  well  result  from  either,  or  a  combination 
of  both.  Literature  on  the  causes  of  blistering  could  be 
logically  divided  Into  four  areas  (resin,  reinforcement,  formula** 
tlon,  and  fabrication)  and  this  organization  Is  carried  Into  the 
present  report. 

Early  blistering  In  the  life  of  a  boat  Vil'  Is  often 
attributed  to  the  shortcomings  of  the  gel  coat.  It  Is  held  that 
gel  coat  blistering  occurs  at  a  rate  directly  dependent  on  the 
permeability  of  the  gel  coat  to  water.  The  suggested  solution  Is 
to  select  a  gel  coat  with  known  minimum  water  permeability. 
Another  reported  cause  was  the  presence  of  excess  glycol  in  the 
resin.  This  permits  the  polyester  to  become  more  permeable  to 
water  as  well  as  furnishing  a  solute  (dissolved  substance)  to 
promote  osmosis. 
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Several  groups  have  previously  studied  both  binders  and 
reinforcement  factors.  A  common  binder  used  In  emulsion-bonded 
mats  Is  polyvinyl  acetate.  This  compound  can  hydrolyze  to  form 
acetic  acid#  which  has  been  detected  In  fluid  taken  from  blisters 
In  this  type  of  mat.  Other  studies  Indicate  that  using  a  glass 
■ore  resistant  to  hydrolysis  reduces  blistering. 

Several  studies  have  been  conducted  on  the  effect  of 
changing  catalysts  and  concentration  In  resins  during  fabrica¬ 
tion.  Catalyst  and  accelerator  residues  have  been  found  In 
blister  fluids.  Since  most  can  be  converted  to  water-soluble 
materials  and  do  not  become  an  Integral  part  of  the  matrix# 
these  can  also  contribute  to  the  problem  of  osmosis. 

Many  groups  hold  the  opinion  that  the  blister  problem  has 
its  roots  In  the  fabrication  processes.  As  evidence#  they  point 
out  the  fact  that  blistering  Is  fairly  random. 

The  U.S,  Coast  Guard  provided  Battelle  with  two  blistered 
samples  from  the  same  fiberglass  boat.  Therefore,  It  Is  possible 
to  draw  conclusions  pertaining  to  the  specific  fiberglass 
reinforced  polyester  marine  laminate  examined#  but  this  Informa¬ 
tion  may  not  be  generally  applied  until  more  samples  can  be 
analyzed.  Battelle  conducted  four  analytical  tests  on  these 
samples: 

e  Differential  Scanning  Calorimetry  (DSC) 
e  Thermomechanical  Analysis  (TMA) 
e  Thermogravlmetrlc  Analysis  (TGA) 

e  Gel  Permeation  Chromatography  (GPC). 

All  data  obtained  from  these  studies  support  the  general 
conclusion  that  the  two  blistered  samples  provided  by  the  USCG 
were  undercured. 

DSC  data  obtained  from  12  samples  (representing  the  two 
blistered  hull  areas)  consistently  exhibited  endothermal  rea- 
tlons.  These  reactions  are  believed  to  represent  a  continuation 
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of  the  curing  process*  thus  Identifying  the  probable  cause  of 
blistering  of  these  samples  as  undercuring. 

Hail  -flat  fl  offer  direct  evidence  of  non-homogeneity  of  the 
blistered  samples.  Glass  fiber  content  varied  20  percent  between 
bow  and  stern  sanples  suggesting  poor  glass  dispersion.  Low 
tenperature  volatiles*  presunably  water*  varied  significantly. 
All  gel  coat  sanples  contained  up  to  0.3  percent  water. 

IMA — JL&lA  support  the  contention  that  the  sanples  are  not 
homogeneous  In  nature*  thus  pointing  to  variability  In  fabrica¬ 
tion  and  cure.  Non-homogeneity  will  cause  concerns  beyond 
cosnetlc  problens  and  nay  ultlnately  result  In  loss  of  structural 
Integrity. 

SEC— d&tfl  Indicate  a  partially  reacted  system  because  of  the 
presence  of  high  aolecular  weight  species*  probably  unreacted 
ol Igomer. 


Based  on  Information  obtained  from  the  literature  and  the 
United  iata  obtained  from  two  blistered  sanples*  It  can  be 
concur.'  the  basic  mechanism  associated  with  blistering  Is 

osmosis  or  diffusion,  Battelle  researchers  also  believe  that* 

Cl)  The  FRP  blistering  problem  Is  undoubtedly  due 
to  one  or  more  of  the  factors  which  Influence 
the  quality*  composition*  and  construction  of 
the  composite 

(2)  Materials  specifications  and  quality  control 
procedures  to  minimize  Introduction  of 
non-reactlve  (osmosis  promoting)  components 
Into  resin  formulations  need  to  be  estab¬ 
lished  or  promoted 

(3)  Procedures  need  to  be  established  or  promoted 
to  provide  continuous  monitoring  of  resin 
formulations  and  production  variances.  This 
could  be  visual  (color  based)  or  recorded 
flow  rates  with  out-of-ratio  alarms. 
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(4)  Precautions  should  be  promoted  to  eliminate 
fabrication  practices  which  adversely  affect 
construction  quality  (such  as  uncoordinated 
spray  of  either  catalyst  or  resin  on  con¬ 
struction  or  contact  of  catalyst  with  glass 
Instead  of  mixing  with  resin)* 


Drawing  upon  the  Information  obtained  from  conducting  this 
study*  the  Battelle  research  team  offers  the  following  recommen¬ 
dations  to  pursue  the  resolution  of  the  blistering  problem. 

(1)  Conduct  a  parametric  cure  grid  to  determine 
the  critical  factors  associated  with  blister¬ 
ing.  This  would  elucidate  the  factors  and 
Interrelationship  of  factors  most  responsible 
for  deficient  Interlaminar  cures.  Factors 
should  Include  all  formulation  variables* 
time*  temperature*  and  humidity*  processing 
variables*  etc. 

(2)  Establish  a  fabrication  quality  control 
procedure  coordinated  to  the  actual  construc¬ 
tion.  This  could  be  small  reference  panels 
made  In  parallel  with  actual  construction. 

These  could  be  used  for  various  property 
determinating  either  as  fabricated  or 
historically. 

(3)  Conduct  unbiased  on-site  observations  of 
materials  handling*  quality  control*  and  boat 
construction  to  evaluate  potential  for 
formul at  Ion/ fabrication  variances. 

(4)  Provide  additional  blister  samples  for  cure 
determinations  If  the  USC6  desires  to 
confirm  data  cited  In  this  report  which  are 
based  on  very  limited  observations.  This 
would  also  provide  a  much-needed  data  base 
for  the  CRP-bl Isterlng  problem. 


IhlRflnilfillQM 

B.fcfihatpn.ad 


The  blistering  of  gel  coat  laminates  on  boats  and  other 
composite  products  exposed  to  water  has  been  observed  for  a  number 
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of  years.  Blistering  has  been  found  to  occur  under  various  condi¬ 
tions*  with  different  resin  systems  and  coaposlte  Materials* 
different  catalysts*  cure  aechanlsas  and  schedules.  A  great  number 
of  hypotheses  have  been  proposed  to  explain  blister  formation} 
however*  experlaental  data  and  verification  have  not  been  definitely 
correlated  and  evaluated. 

Battelle  submitted  a  three-phase  proposal  addressing  fiberglass 
blistering  to  the  U.S.  Coast  Guard  In  the  fall  of  1984.  This 
proposal  was  designed  tot 

(1)  Establish  a  sound  base  by  Information  acquisition 

(2)  Conduct  minimum  laboratory  evaluations  which 
would  Involve  key  experiments  to  answer  and 
resolve  questions  Involving  blister  forma¬ 
tion*  Identification*  and  correction 

(3)  Conduct  field  testing  which  would  Include 
Implementation  of  quality  control  procedures. 

The  U.S.  Coast  Guard  expanded  the  scope  of  the  program  and 
authorized  a  preliminary  Investigation  directed  toward  ultimately 
determining  If  blistering  of  the  gel  coat  causes  structural  problems 
or  Just  cosmetic  problems.  This  report  addresses  the  preliminary 
program  Just  completed. 


Program  Ofalict.lvs 

The  objectives  of  this  program  are  (1)  to  Investigate  the 
Influence  of  gel  coat*  cure  mechanism*  and  extent  of  cure  on  the 
tendency  of  the  bo»t  hull  to  blister  tnd  (2)  to  obtain  end  examine 
relevant  Information  which  may  provide  a  basis  for  a  practical 
quality  control  standard  which  could  be  used  by  the  U.S.  Coast 
Guard. 
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T.tfihMcftl  Apar.fiish 

To  accoapllsh  those  objectives*  the  prograa  was  subdivided 
Into  two  tasks: 

•  Literature  search 

•  Staple  analysis. 

The  purpose  of  the  literature  survey  was  threefold:  (1) 
Identify  the  extent  of  the  problea}  (2)  determine  what  other 
research  has  been  done  In  the  past}  and  (3)  determine  if  any 
Information  exists  froa  other  fields  of  Interest  that  aay  relate 
to  this  problem. 

The  purpose  of  the  saaple  analysis  task  wa&  to  confirm  or 
refute  Information  found  In  the  literature  survey  and  to  aid 
Battalia  In  forming  hypotheses  on  the  causes  of  blistering. 

The  Coast  Guard  provided  Battalia  with  two  core  samples  for 
analysis  which  were  cut  from  one  blistered  fiberglass  boat  hull. 
Froa  the  Inforaatlon  gathered  from  these  two  tasks*  Battel 1e  was  to 
Identify  probable  variables  that  aay  lapact  on  the  blistering 
problea  and  Identify*  If  possible*  effective  repair  and  prevention 
techniques. 


LITERATURE  SURVEY 

The  literature  survey  was  conducted  using  key  words  selected 
by  Bettelle's  research  teas*  with  the  aid  of  the  Battelle  librarian. 
The  computer-aided  search  Included  six  data  bases: 
e  Engineering  Meetings 
e  Engineering  Index 
e  Chealcal  Abstracts 
e  U.S.  Patents 
e  World  Patents 
e  NTIS. 
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Key  words  were  divided  Into  two  groups.  Group  A  was  used  to 
Identify  the  fields  and  Group  B  was  used  to  narrow  the  fields  by 
comparing  Group  B  against  Group  A  and  selecting  those  abstracts 
that  responds  to  both  groups  (Table  1). 

TABLE  1.  KEY  WORD  LIST 


Group  A 

Group  B 

osmosis 

fiberglass 

permeation 

marine 

bllster(s)dng) 

boat(s) { Ing) 

osmotic  pressure(s) 

gel  coat(s) 

water  diffusion  • 

polyester  glass 
polyester 

reinforced  plastlc(s) 

lamlnate(s) 

The  comparison  of  key  words— Group  B  against  Group  A— generated 
248  responses  for  the  period  between  1980-1985.  The  survey  was 
Halted  to  these  years  In  order  to  avoid  redundant  and  outdated 
Information  and  to  keep  the  number  of  responses  to  a  manageable 
level.  The  abstracts  of  these  articles  were  reviewed  and  38 
articles  were  selected  for  full  review.  Of  these  articles#  33  were 
found  to  be  of  value#  and  4  of  the  most  Informative  are  Included  In 
Appendix  C.  A  complete  list  of  titles  reviewed  and  used  In  the 
report  are  provided  in  Appendix  D  and  copies  of  all  the  articles  are 
being  provided  under  separate  cover. 

Sm.m  Risults 

For  purposes  of  discussion#  survey  results  have  been  divided 
Into  four  areas*  (1)  extent  of  problem!  (2)  mechanics  of  blister 


formation*  (3)  suspected  causes  of  blistering*  and  (4)  accelerated 

testing.  Suspected  causes  are  further  divided  Into  four  grouplngst 

(1)  resin  factors;  (2)  reinforcement  factors;  (3)  formulation 

factors;  and  (4)  fabrication.  A  final  section  addresses  accelerated 

(2?) 

testing.  A  logical  repair  procedure  Is  cited  by  Myhre  and 
(25 ) 

Olford  and  this  Is  reproduced  In  Appendix  A  of  this  report. 
Extant  of  Problem 

Estimates  on  the  extent  of  the  problem  vary  with  the  source* 
but  for  boats  which  spend  most  of  their  time  In  the  water*  one 

(ft  ) 

domestic  source  states  that  blistering  affects  20-48*.  Another 

source  Indicates  that  Industry  figures  show  an  Incidence  of  bllster- 

(8 ) 

Ing  In  10*  of  boats  now  being  built.  Boats  which  are  removed 
from  water  after  use  or  removed  seasonally  appear  to  be  affected 
less;  reportedly  between  0.5  and  5*.  Newer  boats  seem  to  have  a 
greater  Incidence  of  blistering  and  one  report  states  that  80*  of 
all  boats  using  glass  reinforced  polyesters  (GRP)  will  eventually 
experience  some  degree  of  bl isterlng. (8) 


MfrshinlfiA  of .  B1 1  atRr.tac 

Osmosis  (diffusion  through  a  semi-permeable  membrane)  Is 
thought  to  be  the  predominant  mechanism  for  the  onset  of  blister 
formation*  although  capillarity  In  conjunction  with  diffusion  may 
b'.  equally  Involved.  This  was  demonstrated  in  a  study  where  test 
panels  were  doped  with  soluble  salts.  The  doped  panels  showed 
greatly  accelerated  blistering  when  subjected  to  Immersion  In  fresh 
water.  Immersion  In  3  saturated  salt  solution  appeared  to  inhibit 
blister  formation  as  would  be  expected  If  osmosis  were  the  Mechanism 
of  attack.*^  Since  virtually  all  polyesters  are  permeable  to 
water*  It  appears  that  water  diffuses  <  trough  the  gel  coat  Into  an 
Interface*  either  between  the  laminates  or  between  the  gel  coat  and 
laminate.  Soluble  material  may  be  encountered  at  the  Interface*  or 
carried  there  by  the  water.  At  some  point*  an  osmotic  gradient  Is 
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set  up  and  more  water  Is  pulled  Into  the  area  which  will  eventually 

form  a  blister.  *3/25)  The  blister  first  appears  as*  a  plane  of 

delamlnatlon.  As  more  water  Is  pulled  In#  the  dalamlnatlon 

continues  and  osmotic  pressure  within  the  delaminated  area  causes 

a  blister  to  form.  Some  of  these  blisters  have  an  Internal  pressure 

( 25 ) 

of  5  to  6  atmospheres.  Kinetic  studies  have  shown  this  to  be 

sufficient  pressure  tc  cause  separation  between  laminates. 

It  Is  generally  accepted  that  freshwater  glass  reinforced 
plastics  (GRP)  boats  have  more  serious  problems  with  blistering  than 
their  saltwater  counterparts)  but  a  survey  of  GRP  boat  owners# 
conducted  by  "The  Practical  Sailor"#  Indicated  that  those  boats 
which  were  sailed  In  saltwater  had  more  problems. It  Is  thought 
that  this  Is  because  most  recreational  boaters  In  freshwater  areas 
drydock  their  boats  during  the  winter  months. 

It  has  been  observed*15*  that  newer  boats  seem  to  have  a 
greater  problem  with  blistering  than  many  older  ones.  At  least  one 
report  attributes  this  to  modern  spray-up  techniques  which  have 
replaced  the  "bucket  and  brush"  method  of  laminate  lay-up.  These 
spray-up  techniques  can  reportedly  cause  non-uniform  delivery 
and/or  mixing  of  catalyst.  Local  concentrations  of  water-soluble 
catalyst  will  cause  debonding  at  that  site  and  lead  to  the  formation 
of  an  osmotic  cell  as  water  diffuses  into  the  site.  *16*  This  is  an 
example  of  physical  debonding.  If  this  were  the  sole  reason  for  os¬ 
mosis#  It  would  seem  that  once  a  solute  was  diluted#  blister  growth 
would  stop.  However#  there  appears  to  be  «  chemical  reaction  which 
accelerates  blister  formation  by  furnishing  more  solute  to  keep  the 
osmotic  cell  going.  Another  report  states  that  the  debonding  pro¬ 
cess  occurs  when  swelling  of  the  polymer#  due  to  water  absorption# 
exceeds  the  shrinkage  due  to  cross-linking.  This  causes  localized 
stresses  which  combine  to  physically  break  the  bond  between  glass 
and  resin. 

Several  of  the  reports  reviewed  state  that  the  onset  of 
blistering  Is  due  to  chemical  debonding  between  the  resin  and  glass 
fiber. *2#7#18#25»30)  ^hls  could  be  due  to  hydrolysis  of  the  glass# 
sizing#  or  resin. 
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During  hydrolysis  of  tho  glass*  aster  reacts  with  cations  In 

the  fibers  producing  hydroxyl  Ions.  The  concentration  of  hydroxyl 

Ions  will  slowly  Increase  to  a  concentration  which  will  begin 

( 18) 

degradation  of  sore  fibers.  The  blisters  often  contain  slightly 

acidic  fluid. ^*15)  The  acj<j  proba5iy  arises  fro*  the  breakdown  of 
polyvinyl  acetate  to  acetic  acid  end  the  oxidation  of  styrene  to 
benzoic  acid*  The  ester  linkages  of  the  resins  are  elso  vulnerable 
to  hydrolysis. 

£h  ate  r  1  no 

There  Is  probably  no  single  cause  of  blistering.  Groups  who 
are  studying  blister  formation  are  divided  between  those  who  say 
there  Is  a  problem  In. the  Materials  used  or  the  formulation  of 
the  resins*^*7'*0*15’*20*  and  those  who  say  that  the  problems  stem 
from  faulty  fabrication  techniques.  <®*13*16*1®»20»25)  jn  rtanty» 
blistering  may  well  result  from  any  single  factor  or  any  combination 
thereof,  four  areas  encountered  In  the  literature  (resin*  reinforce¬ 
ment*  formulation*  fabrication)  are  discussed  below, 

Resin  Factors.  Several  sources  attribute  early  blister 

formation  to  shortcomings  of  the  gel  coat. *3*23*25)  jt  i $  held  that 

gel  coat  blistering  occurs  at  a  rate  dependent  on  permeability 

of  the  gel  coat  and  suggests  that  the  gel  coat  should  be  of  minimum 

permeability.* 115  Most  who  address  the  Issue  agree  that  Isophthallc 

neopentyl  glycol  gel  coats  provide  superior  protection.  These 

resins  have  a  reduced  accessabl  1  tty  to  the  ester  linkage  due  to 

stearic  hindrance  and  are  more  fatigue  resistant  than  orthophthal 1c 
( 3 ) 

resins.  Also*  Isophthallcs  with  a  higher  heat  distortion 

temperature  performed  better*  but  this  may  oe  a  manifestation  which 
occurs  only  In  accelerated  testing  in  heated  water.  Pigmented 
gel  coats  wore  generally  inferior  and  will  be  discussed  in  more 
detail  later. 
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Another  facto.r  commonly  reported  as  a  cause  of  blistering  Is  an 
excess  ot  glycol  In  the  resin, Thf*  Ba|<es  the  poiy*ster  more 
permeable  to  water  as  well  as  furnishing  a  solute  to  pronote 
nsmcslo.  This  was  demonstrated  In  several  cases  by  purposely  adding 
a  slight  ercess  of  glycol  to  either  the  gel  coat  or  tho  laminating 
resin.  In  each  case*  the  extra  glycol  (which  does  not  enter  Into 
the  curing  reaction)  appeared  to  dramatically  reduce  the  time  to  the 
ons^t  of  Mistering  and  also  gave  rise  to  larger  blisters.  In  one 
case*  the  water  In  which  the  laminate  was  soaked  was  analyzed  and 
traces  of  glycol  were  detected*  as  well  as  Isophthallc  and  ortho* 
phthallc  acids  from  the  gel  co-t  and  laminating  resins. 

Re 1  nf ore about  Factors.  Several  groups  have  compared  the  use  of 

emul  slon-bonded  c hopp od-st rand  mats  (CSM)  with  powder-bonded 

CSM,  15*23*2./ )  jn  the  ca*>e  of  emulsion-bonded  mats*  the 

binders  are  usually  polyvinyl  acetate.  This  compound  will  hydrolyze 

slowly  to  form  acetic  acid*  which  has  bean  detected  In  blister  fluid 

taken  from  laminates  made  with  this  type  of  mat.  The  powder  binders 

are  usually  blsphenol  polyester  and  are  hydrolytically  more 
( 15 ) 

stable.  One  report  says  that  the  emuls4on-bonded  mat  func¬ 

tioned  as  well  as  the  powder-bonded  mat  whon  an  Isophthal le-lamlnat- 
Ing  resin  and  an  Isophthal  1c«neopontyl  glycol  gel  coat  were  used. 
This  Is  an  Important  factor  from  the  standpoint  of  the  manufacturer* 
because  tho  powder-bonded  mats  ere  much  harder  to  work  with.  It  Is 
more  difficult  to  work  air  bubbles  out  of  powder-bonded  laminates. 

In  one  study*  unfilled  and  glass-filled  laminates  were  careful¬ 
ly  weighed  and  then  soaked  In  water.  There  was  a  definite  weight 
reduction  In  the  gJass-f lllod  materiel  with  no  corresponding  change 
In  the  unfilled  material.  This  strongly  suggests  that  there  wos 
some  leaching  from  the  glass  or  coupling  agent. Atomic  absorp¬ 
tion  measurements  of  blister  fluids  reveal  a  large  concentration  of 

calcium  and  smaller  concentrations  of  Iron  and  zinc.  Presumably* 

( 15 ) 

these  Ions  were  leached  from  tha  glass  by  water.  These  results 

show  the  need  for  *  fiber  that  Is  water  and  corrosion  resistant. 
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The  •^"-glass"  fiber  (electrical  grade)  Is  most  often  used*  but 
the  "$*  type  (steel  grade)  Is  more  eater  resistant  and  Is 
suggested  as  a  substitute. 

In  several  cases  a  resin-rich  glass  veil  or  woven-rovlng  vat 
was  applied  between  the  gel  coat  and  laelnate.  This  layer  was 
not  hard  rolled  to  leave  a  resin-rich  barrier.  This  Increased 
blister  resistance  in  all  laminates*  regardless  of  glass  type* 
resin*  or  catalyst  used. 

When  studies  were  made  of  the  bonds  at  the  glass/resin 

Interface*  a  degree  of  stress  was  found.  The  bonds  are  covalent 

between  the  coupling  agent  and  the  sllanol  groups  on  the  glass. 

The  coupling  agent  bonds  to  the  resin  during  curing*  It  was 

found  that  nearly  all  of  these  bonds  were  broken  when  subjected 

( 17  28 ) 

to  boiling  water.  It  Is  suggested  that  the  Incorporation 

of  vinyl  groups  to  the .coupling  agent  will  leprove  bonding  and 
hence*  leprove  water  resistance. 

F ormulatlon  Factors .  Several  studies  have  been  conducted 
on  the  effect  of  changing  catalysts  and  catalyst  concentration  In 
resins.  *llfl2,15,23,24)  Catalyst  and  accelerator  residues  have 
been  found  In  blister  fluids.  Since  most  can  be  converted  to 
water-soluble  Materials  and  do  not  becoMe  an  Integral  part  of 
the  Matrix*  they  can  contribute  to  the  problee  of  osmosis. 
Cobalt  has  been  found  In  high  concentrations  In  blister  fluids  In 
laminates  where  It  was  used  as  a  promoter.  This  Is  most  obvious 
when  the  laminate  Is  In  contact  with  chlorinated  water*  as  In 
pools  and  spas.  The  cobalt  In  the  blister  will  create  a  dark 
stain. 

Some  reports  Indicate  that  decreasing  the  catalyst  and 
Increasing  the  promoter  concentration*  to  hold  the  same  gel  time* 
will  reduce  the  possibility  of  blistering  and  give  the  same 
degree  of  cure. (12' 15,23  *  Another  report  states  further  that  a 
common  practice  among  lamlnators  Is  to  add  extra  catalyst  to 
speed  the  cure  time.  This  can  cause  overcure  and  lead  to 
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cracking.  Another  roport  says  that  Increasing  the  catalyst  alone 

•111  give  a  faster  cure  without  overcuring.  This  report  cautions 

against  overproeotlon. ****  Yet  another  report  says  that  varying 

catalyst  and  promoter  concentrations  have  no  effect  on  the 

blistering  rate.  Since  most  resins  are  now  sold  In  a 

preaccelerated  fore*  It  was  suggested  that  tests  should  be 

conducted  on  each  batch  of  resin  to  determine  the  optimal 

catalyst  content  to  achieve  the  desired  cure  for  the  given  aold 

(251 

shop  conditions.  Nearly  all  reports  state  that  carefully 

following  the  manufactu rer • s  recommendations  Is  best. 

Studies  were  made  of  the  effects  of  other  additives*  such  as 
pigments*  thickeners*  and  fire  retardants. (6,10'i2,23,25>  In 
each  case*  these  additives  accelerated  blistering  draaatlcally. 
One  group  was  able  to  use  a  white  gel  coat  because  the  plgaent 
was  dispersed  In  the  resin  and  not  In  a  low  aolecular  weight 
carrier.  The  laminates  prepared  froa  this  resin  perforaed  as 
well  as  those  aade  with  clear  resin. 

F ab r 1 c at Ion  Facto r s .  There  are  aany  groups  that  hold  the 
opinion  that  the  blistering  problee  has  Its  roots  in  the  fabrica¬ 
tion  processes. (9*13*16»18»20»25»  etc.)  As  they  point 

out  the  fact  that  blistering  is  fairly  random.  If  the  problem 
ware  due  only  to  the  materials  used*  the  blistering  would  be  aore 
general  and  regularly  spaced. 

It  has  been  suggested  that  the  use  of  wax  mold  release 
agents  produces  a  less  permeable  gel  coat.**0’*4*  Another 
commonly  used  release  agent  Is  aqueous  polyvinyl  acetate.  It  nay 
be  that  tha  water  In  this  Is  evaporating  through  the  laminate  and 
Interfering  with  the  cure. 

One  report  claims  that  the  primary  cause  of  blistering  Is 
undlssolvmd  methyl  ethyl  ketone  peroxide  in  the  gel  cost.*16*  As 
evidence*  It  ves  pointed  out  that  there  are  aany  boats  which  are 
20+  years  old  made  of  orthophthal 1c  resins  that  show  no  gel  coat 
blistering.  Aaoco  Is  the  only  domestic  producsr  of  Isophthsllc 
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acid  and  this  report  contends  that  they  nay  not  be  able  to 
produce  enough  to .meet  the  denand  for  all  boats  presently  being 
manufactured.**6* 

Many  newer  boats  are  showing  signs  of  blistering  very  early 
In  their  lives*  due  perhaps  to  Inproper  spray  techniques.  It  has 
become  standard  practice  to  press  the  first  stage  of  the  gun 
trigger  of  the  spray  unit  to  be  sure  that  catalyst  Is  being 
delivered.  This  causes  local  concentrations  of  catalyst  In  the 
nolds  as  do  leaking  lines  and  worn  seals.  This  can  result  In 
Improperly  catalyzed  resin  systems.  Colored  catalysts  and  resins 
containing  catalyst-sensitive  dyes  have  been  developed  so  these 
problems  can  be  visually  detected.  When  a  problem  Is  detected* 
the  leak  1$  usually  fixed  and  the  drops  of  pure  catalyst  In  the 
mold  are  simply  covered  by  the  next  layer  of  laminate.  To 
research  this*  the  content  of  some  blisters  was  analyzed  oy  gas 
chromatography  and  a  high  level  of  dimethyl  phthalate  (OMP)  was 
found.  DMP  Is  a  carrier  for  most  commercial  MEKP  catalysts. 
Although  OMP  Is  relatively  Insoluble  In  water*  a  pocket  of  It 
would  be  a  probable  site  of  delamlnatlon  and  subsequent  bllster- 
Ing. 

Another  point  raised  In  this  report**6*  Is  that  the  catalyst 
Is  often  sprayed  at  an  angle  such  that  It  contacts  the  glass 
before  It  contacts  and  mixes  with  the  resin  stream.  Tests  have 
shown  that  catalyst  applied  In  this  manner  cannot  be  displaced 
from  the  glass  by  rolling.  Accordingly*  the  resin  system  may  be 
undercatalyzed  as  well  as  catalyst-coated  glass  becoming  a 
potential  site  for  blistering.  The  author  of  this  report 
suggests  the  use  of  a  two-pot  resin  spraying  system  where  the 
resin  Is  divided  Into  two  parts*  one  containing  benzoyl  peroxide 
as  the  catalyst*  and  the  other  containing  N*N-d1methyl  aniline. 
The  two  matures  are  sent  through  separate  sprayers  In  a  manner 
that  cau*es  the  two  sprays  to  Impinge  on  each  other.  The  author 
of  the  report  notes  there  are  very  few  companies  employing  this 
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technique*  but  he  -Is  not  aware  of  any  problems  with  blistering  In 
their  boats. 

Mold  shop  temperature  Is  very  Important.  Temperatures  below 

64°F  (18°C)  will  cause  high  viscosity*  air  bubbles  (especially 

with  spray  application)*  and  uneven  thickness  during  appllca- 
( 15 ) 

tlon.  Gelation  Is  delayed  by  low  temperatures*  so  the 

evaporation  of  styrene  can  be  excessive*  and  this  can  lead  to  an 

(14) 

unsatisfactory  cure.  Air  drafts  must  be  eliminated  to  Insure 

a  uniform  cure.  The  relative  humidity  must  be  controlled  and 

kept  low.  Mixing  of  the  constituents  must  be  done  carefully  to 

avoid  air  bubbles  while  at  the  same  time  assuring  a  good 
( 15 ) 

mix.  Care  must  be  taken  to  keep  air  bubbles*  dust*  and 

moisture  out  of  the  layers  of  laminate.  *  One  ply  at  a  time 

should  be  applied  but*  to  Insure  adhesion*  the  previous  ply 

(15) 

should  be  In  the  correct  state  of  cure.  Reportedly*  It  Is 

common  practice  to  pre-wet  two  or  three  mats  on  a  bench  and  lay 

them  Into  the  mold  together*  applying  more  resin  as  they  are 

(25) 

being  rolled  out.  It  Is  very  easy  to  Introduce  large  bubbles 

between  the  layers  and  very  difficult  to  work  them  out.  Often* 
larger  bubbles  are  simply  broken  Into  many  smaller  ones.  Each 
laminate  layer  should  be  fully  wetted  with  all  air  pockets  worked 
out.  Air  bubbles  can  be  particularly  troublesome.  Besides 
weakening  the  laminate*  bubbles  furnish  a  veld  where  absorbed 
water  can  gather.  This  hastens  deeper  penetrat Ion  of  the 
laminate  and  possible  problems  later.  The  time  between  eolldlfl- 
cation  of  the  gel  coat  and  the  application  of  the  first  layer  of 
laminate  Is  critical.  Air  exposure  results  In  a  tacky  surface. 
This  Is  due  to  Incomplete  cure  of  the  resin  surface  brought  about 
by  Inhibition  of  the  cross-linking  reaction  by  oxygen. 

Several  other  reports  suggest  Incomplete  cure  of  the  resin 
as  a  principle  cause  of  bl Isterlng. ^^*15*24*25 )  This  problem 
could  be  caused  by  low  temperature  or  high  humidity  In  the  mold 
shop*  Incorrect  catalyst  content*  or  poor  postcure  condition*  to 
name  only  a  few. 
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In  studies  comparing  resins  with  different  reactivities*  It 
was  found  that  curing  at  room  temperature  had  no  effect  on 
blister  resistance.  Curing  at  elevated  temperatures*  however* 
stiffened  the  laminates  using  more  reactive  resins  and  reduced 
the  tensile  elongation  to  failure.  This  Is  presumably 
because  higher  cure  temperatures  promote  cross-linking.  This  Is 
very  Important  to  the  manufacturer  as  most  polyester  laminates 
are  ordered  according  to  stiffness  criteria.  Too  much  heat  can 
cause  overcure  resulting  In  brittleness  and  cracking.  As 
mentioned  previously*  cracking  can  hasten  water  absorption. 

Postcure  Is  nearly  as  important  as  the  Initial  cure.  Often* 
a  boat  Is  removed  from  the  curing  area  to  a  postcure  area  or  even 
outside  where  there  Is  no  atmospheric  control.  This  can  have  a 
deleterious  effect.  If  the  boat  were  cured  at  an  elevated 
temperature*  It  must  be  cooled  very  slowly  to  minimise  Internal 
stresses  which  can  lead  to  cracking.  One  report  suggests 
postcuring  at  room  temperature  for  as  long  as  six  weeks  before 
applying  paint. 

In  many  cases*  blistered  areas  coincided  with  areas  which 
had  low  Barcol  hardness  readings  (less  than  30).*®,2*J  This 
Indicates  Incomplete  cure.  It  has  been  suggested  that  Barcol 
hardness  tests  be  performed  on  finished  boats  to  determine  If 
there  Is  a  danger  of  blistering.  The  measured  hardness  should  be 
at  least  90S  of  the  manufactured  recommendations.  Also*  solvent 
swabbed  on  the  surface  should  cause  no  tackiness.  Methyl  ethyl 
ketone  should  be  used  for  examining  epoxy  and  acetone  for 
polyesters.  These  tests  will  give  no  absolute  measurement  of  a 
boat's  chances  for  developing  blisters*  but  probably  can  be  used 
to  differentiate  between  a  good  and  bad  cure. 

Fabrication.  One  report  states  that  using  the  same  resin 
system  In  the  gel  coat  as  In  the  laminate  helped  performance  by 

#24) 

alleviating  Interlaminar  problems.  This  would  have  a 
positive  result  on  blister  resistance*  since  most  blisters  occur 
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at  an  Interface.  This  report  states  that  both  the  gel  coat  and 
the  laminating  resin  should  be  fairly  flexible  (2-6*  tensile 
elongation  to  failure)  but  not  at  the  expense  of  chemical  or 
hydrolytic  resistance.  This  would  reduce  the  Incidence  of 
cracking  and  thereby  slow  water  permeability. 

Thixotropy  of  the  resins  Is  Important  to  prevent  thinning 
and  puddling  In  the  molds.  One  study  was  made  to  try  to  optimize 
thixotropic  properties. <12)  For  hydrolytic  stability,  the 
molecular  weight  should  be  high  and  the  acid  number  low. 
However,  the  viscosity  Increases  with  the  molecular  weight,  so 
viscosity,  acid  number,  and  molecular  weight  must  be  carefully 
balanced  for  ease  In  spray  application.  Using  fumed  silica  as  a 
thickener.  It  was  found  that  the  best  compromise  was  reached  at  a 
Gardner-Noldt  viscosity  pf  T  at  60*  nonvolatile  material  and  an 
acid  number  below  20. 

When  painting  boat  hulls,  two-pack  epoxies  and  the  two-pack 
polyurethanes  appear  to  work  be$t.(15,25)  These  paints  are  good 
water  barriers  and  give  excellent  weather  resistance.  Etch 
primers  should  never  be  used,  nor  should  paint  removers  be  used 
when  repainting.  Any  paint  removal  should  be  done  by  careful¬ 
ly  sanding  with  about  200  grit  abrasive  to  a  matte  finish. 
Primer  should  then  be  applied,  followed  by  alternating  colors  of 
paint  to  assure  good  coverage.  For  epoxies,  the  final  thickness 
should  be  at  least  6  mils  <0,25  mm).  For  polyurethanes,  the 
final  thickness  should  be  at  least  2.5  mils  (0.1  mm).  Inside 
surfaces  should  be  painted  also,  especially  In  the  bilges. 

The  gel  coat  should  be  continued  to  well  above  the  water 
line.  The  thickness  of  gel  coat  Is  considered  the  most  Important 
key  to  blister  resistance  In  one  report.  About  10*  shrinkage 
during  cure  should  be  expected  when  designing  a  final  dry 
thickness  of  about  12-15  mils  (0.5-0. 6  mm).  Use  of  a  wet  film 
gauge  Is  advocated.  Constant  thickness  Is  also  very  Important.  A 
thicker  gel  coat  will  reduce  the  chance  of  "wicklng*  or  capil¬ 
larity  along  stray  fibers  that  may  protrude  Into  the  gel  coat 
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from  the  underlying  laminate.  This  Is  a  valid  concern  since  It 
Is  suspected  that  some  of  the  blisters  analyzed  In  the  field  were 
probably  caused  by  this  type  of  Mechanise.  These  blisters  are 
elongated  and  have  a  fiber  or  bundle  of  fibers  In  their  center. 
These  blisters  In  particular  can  provide  an  avenue  for  deeper 
penetration  of  the  laelnate  by  water.  Many  groups  advocate  the 
use  of  epoxy-based  gel  coats. *®* 1** 13 *  They  are  Much  less 
perMeable  (as  Much  as  500  tlMes  less)*  less  susceptible  to 
hydrolysis*  and  contain  no  glycol.  Epoxies  do*  however*  contain 
snail  anounts  of  water-soluble  anhydrides  and  dlcyandlanldes  as 
curing  agents.  After  prolonged  periods  of  water  exposure*  they 
are  able  to  absorb  ncre  water  than  polyesters*  but  Much  of  the 
water  appears  to  be  bound  to  polar  groups  in  the  Matrix.  Epoxy 
coated  lanlnates  seen  tb  be  less  prone  to  “wlcklng".  They  are 
also  tougher  and  not  as  likely  to  crack. 

As  with  the  gel  coat*  the  general  consensus  Is  that  Isoph- 
thallcs  are  the  resins  of  choice  for  lanlnatlng  resins.*3*9,1®* 
Since  all  polyesters  are  eventually  going  to  be  perneated  If  left 
In  contact  with  water*  it  Is  obvious  that  the  lanlnatlng  resin 
Must  have  hydrolytic  stability  also* 

One  report  suggests  that  using  a  lanlnatlng  resins  which  Is 

nore  perneable  than  the  gel  coat  would  reduce  the  chance  of  water 

buildup  at  the  Interfaces.  It  also  suggests  using  a  high 

Molecular  weight*  low  acid  nuNber  resin  which  Is  easier  to 

( 15 ) 

achieve  with  an  Isophthallc  resin.  As  with  the  gel  coat*  a 

low  glycol  content  Is  preferable. 

ACfitltr.Ilt.ii,  IH.t.lDfl 

There  Is  sons  disagreement  with  regard  to  hob  a  laminate 
should  be  tested.  Sons  researchers  have  tried  to  develop 
accelerated  test  methods.  The  most  commonly  used  accelerated 
test  Is  done  In  a  •turtle  box*  which  Is  a  large*  square  tank 
covered  with  round  ports  a  few  Inches  In  diameter.  Test  panels 
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are  held  tightly  against  theso  ports  and  hot  water  Is  placed  In 
the  tank  so  that  one  side  of  the  test  panels  Is  In  contact  with 
the  heated  water.  There  Is  considerable  disagreement  over  the 
correct  water  temperature  to  use  In  this  test.  Some  use  boiling 
water*  soee  use  150°F  (65°C)  water*  and  some  u  e  104°F  (40°C) 
water. 

The  use  of  hot  water  does  accelerate  the  blistering  process 

(25 ) 

■any  times*  probably  because  of  a  softening  of  the  gel  coat. 

However*  It  Is  not  possible  to  correlate  results  for  different 
(3 ) 

resins.  Each  resin  has  Its  own  characteristic  glass  transition 

temperature  (Tg)  and  Its  own  heat  distortion  temperature  (HDT), 

aeong  many  other  teeperature  dependent  characteristics.  This  can  be 

critical  when  the  laminating  and  gel  coat  resins  are  different 

types.  One  report  contends  that  the  boiling  water  test  Is  not  valid 

because  results  correlate  only  half  of  the  time  and  blisters  appear 

(12) 

to  be  heat-stress  related  and  not  hydrolysis  related.  Another 

source  says  del sailnatlon  of  samples  tested  In  hot  water  was  due  to 

swelling  In  the  polymer  or  hydrolytic  scission  of  esters.  This 

source  contended  that  delaalnatlon  occurred  at  a  water  absorption 

level  specific  for  each  resin  and  that  there  would  not  have  been  any 

(15) 

effect  at  ambient  temperatures  and  lower  water  absorption. 

Of  course*  some  method  of  accelerated  testing  Is  needed  to 
get  results  In  a  realistic  time  frame.  As  a  general  rule*  most 
chemical  reactions  will  double  In  rate  for  every  10°F  (4°C)  In¬ 
crease*  so  testing  for  blister  resistance  at  an  elevated  temperature 
can  give  results  much  faster  (estimated  at  5-6  times  as  fast  for 
40°C  water).  However*  as  the  test  temperature  rises*  accuracy  and 
reliability  are  sacrificed. 

Lloyd**  Registry  of  Shipping  has  made  some  recommendations  to 

help  deal  with  the  problem  of  blistering.  These  Include* 

-  Assemble  and  collate  all  research  and  test 
results  rslated  to  blistering. 
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-  Subsidize  fundamental  research  projects  In 
the  area  of  blistering. 

-  Rapidly  Incorporate  new  fabrication  tech¬ 
niques  Into  Industry. 

-  Close  cooperation  between  researchers*  raw 
materials  manufacturers*  and  builders  as 
needed. 

One  final  point  raised  Is  the  Issue  of  educating  the  laml- 
nator.*13*  Too  often  In  the  United  States*  he  Is  an  unskilled 
laborer.  In  Europe*  boat  lamlnators  are  generally  older  and  More 
skilled  at  their  jobs  and  are  considered  to  be  skilled  laborers. 
Also*  Much  of  the  Inforaatlon  which  has  been  Made  available  by 
researchers  has  not  been 'used  by  Industry.  The  reason  aost  often 
cited  Is  cost. 


&MEL&.AMUJSIS 

In  the  early  stages  of  the  research  program*  the  U.S.  Coast 
Guard  Indicated  that  samples  would  be  difficult  to  obtain  since 
It  would  require  cutting  a  hole  Into  the  core  aat  of  the  boats 
and  most  owners  did  not  want  to  have  this  done.  For  this  reason* 
only  two  samples  were  obtained  from  a  single  boat.  Therefore*  It 
Is  possible  to  draw  conclusions  pertaining  to  the  fiberglass 
reinforced  polyester  Marine  laminate  examined*  but  this  Informa¬ 
tion  way  not  be  generally  applied  until  sore  samples  can  be 
analyzed. 

The  two- Inch-diameter  samples*  as  stated*  were  taken  from 
the  same  craft— one  from  the  bow  and  one  from  the  stern.  When 
the  samples  were  taken*  both  contained  blisters)  however*  when 
they  reached  Battelle*  the  samples  had  dried  and  no  blisters  were 
evident. 

Battelle  conducted  four  analytical  tests  on  these  sampless 
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•  Differential  Scanning  Calorimetry 
e  ThernonecKanlcal  Analysis 
e  Thermogravlmetrlc  Analysis 
e  Gel  Permeation  Chroeatography . 

Sima,!  fl-PLflaar.fl.tlDD 

From  the  core  samples*  5/16-lnch-dlameter  plugs  were  cut; 
then  the  plugs  were  cut  Into  halves*  Interior  and  exterior. 
Samples  were  then  prepared  by  cutting  slices  from  the  plugs  just 
below  the  surface  of  the  Interior  or  exterior  wall. 

Differential  Scanning  CalorlmetE-V 

Differential  scanning  calorimetry  (DSC)  is  a  method  used  to 
measure  any  transition  that  the  sample  undergoes  resulting  In  the 
liberation  or  absorption  of  energy.  In  the  event  that  a  transi¬ 
tion  occurs*  thermal  energy  Is  added  to,*  or  subtracted  from  the 
sample  In  order  to  maintain  the  sample  at  the  same  temperature. 
Because  this  energy  Input  Is  precisely  equivalent  In  magnitude  to 
the  energy  absorbed  or  evolved  In  the  particular  transition*  a 
recording  of  this  balancing  energy  yields  a  direct  calorimetric 
measurement  of  the  transition  energy.  For  example*  If  a  sample 
were  to  change  In  state  or  undergo  an  endothermic  reaction*  the 
DSC  trace  might  look  like  Figure  1*  trace  number  •A*.  If  the 
transition  were  an  endothermic  reaction  and  It  was  only  partially 
reacted*  a  second  scan  could  be  conducted  and  It  would  look 
something  like  scan  *6”.  Eventually*  If  the  sample  were  heated 
enough  times*  the  reaction  would  be  exhausted  and  a  100S  cure  Is 
said  to  have  taken  place. 


Temperature/Time 
A  *  undercured 


FIGURE  1 .  DSC  EXAMPLE  TRACE 
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Battell©  used  the  following  conditions  listed  In  Table  2  to 
conduct  the  D*C  tests. 


TABLE  2.  DSC  OPERATING  CONDITIONS 


Temperature  Scan  Range 

h'eat  Rate 

Sample  Size 

Flow  Rate 

Sample  Pan 

Atmosphere 


25-150  C 
10  C/mln 
15  mg 
30  cc/mln 
Aluminum*  covered 
Nitrogen 


The  DSC  traces  of  the  four  samples: 
e  Interior  bow 
e  exterior  bow 
e  Interior  stern 
e  exterior  stern 

are  located  In  Appendix  B»  pages  B-l  through  B-12.  Three  replicate® 
of  each  sample  were  run  and  are  designated  by  an  "A"*  "B"»  or  "C" 
after  each  sample  name  end  number. 

Q££..Amati 

In  a  typical  DSC  trace*  a  constant  slope  baseline  would 
Indicate  a  cured  laminate  system.  Because  this  test  Is  dynamic*  It 
Is  not  possible  to  determine  analytically  the  extent  of  reaction  of 
the  "as  received"  laminates.  It  Is  only  possible  to  say  that  In  no 
case  was  a  sample  studied  that  was  fully  reacted.  In  the  case  of  a 
two-stage  cross-linked  polyester  resin*  an  Ideal  DSC  experiment 
would  yield  a  straight  line  with  only  a  small  deviation  In  slope  at 
the  glass  transition  point  (Tg)  prior  to  reaching  degradation.  If 
a  sample  has  not  been  fully  cured*  however*  a  noticeable  peak  would 
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occur  corresponding  to  the  energy  needed  to  sore  fully  cure  the 
system.  Such  a  peak  was  found  In  all  12  DSC's  In  the  laminate 
samples.  In  Figures  B-l  through  B-12*  the  highest  curve  of  the  two 
curves  In  the  figure  represents  the  first  heating  of  the  chosen 
sample.  The  lower  curve  represents  the  same  sample  which  had 
undergone  heating  from  25  to  150°C  and  then  quenching  to  25°C 
followed  by  reheating  to  150°C.  In  all  cases*  peaks  Indicating  an 
endothermal  reaction  were  Identified  during  the  first  and  second 
runs*  which  are  believed  to  be  a  continuation  of  the  curing  reac¬ 
tion,  Because  the  area  under  the  first  curve  Is  greater  than  that 
under  the  second  curve*  It  Is  presumed  that  the  Mixture  Is  becoming 
more  fully  cured  after  the  Initial  heating. 

Ihac!Bftgr.txlM.t.Ll£.,AnA.ly,a.1.s 

Thermogravlmetrlc  Analysis  (TGA)  provides  a  quantitative 
measurement  of  any  weight  change  associated  with  a  transition.  For 
example*  a  TGA  can  directly  record  the  weight  loss  of  s  sample  with 
respect  to  temperature  or  time*  due  to  dehydration  or  decomposi¬ 
tion.  TGA  curves  are  characteristic  for  a  given  compound  or  system 
because  of  the  unique  sequence  of  physico-chemical  reactions  which 
occur  at  definite  temperature  ranges  and  at  rates  that  are  a 
function  of  the  molecular  structure. 

TGA  Is  perhaps  most  useful  when  It  complements  the  DSC  analy¬ 
sis.  Virtually  all  weight-change  processes  absorb  or  release  energy 
and  are  thus  measurable  by  DSC*  but  not  all  energy-change  processes 
are  accompanied  by  changes  In  weight.  This  difference  In  the  two 
techniques  enables  a  distinction  to  be  made  between  physical  and 
chemical  changes  when  the  samples  are  subjected  to  DSC  and  TGA 
tests. 

A  Cahn  elec'v.  'Glance  with  an  associated  F4K-200  Programmable 
heater  was  used  to  conduct  the  analysis.  Table  3  Indicates  the  TGA 
test  conditions  used  In  this  program. 
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TABLE  3.  TGA  TEST  CONDITIONS 


Sample  Size 
Temperature  Range 
Heat  Rate 
Atmosphere 


50  mg 
20-900  C 
I0°C/m1n 
Air 


The  samples  were  prepared  as  described  In  the  sample  prepara¬ 
tion  section#  and  the  thermograms  are  located  In  Appendix  B»  pages 
B-13  through  B-17. 

Direct  evidence  for  non-homogeneity  Is  evident  In  TGA  data. 
The  weight  loss  versus  temperature  traces  In  the  TGA  experiment 
(Appendix#  pages  B-13  through  B-17)  show  several  apparent  diffe¬ 
rences.  The  most  apparent  of  these  is  that  the  glass  fiber  content 
of  the  gel  coat  side  varies  by  at  least  20f  (from  25S  glass  In  the 
bow  gel  coat  layer  to  301  glass  In  the  stern  gel  coat  layer).  Even 
taking  Into  account  the  different  thicknesses  of  the  sections#  this 
large  absolute  difference  certainly  suggests  that  It  Is  possible  to 
have  significant  quantities  of  poorly  dispersed  glass  fiber. 

A  second  observation  from  the  TGA  results  Is  that  the  measured 
low-temperature  volatiles#  assumed  to  be  water*  varied  considerably 
depending  on  sample  location  on  the  boat  and  sample  depth  from  the 
exterior  surface.  The  Interior  samples  from  both  the  bow  and  stern 
showed  essentially  no  water.  This  was  expected  since  these  samples 
were  held  at  72  F  and  50*  R.H.  for  2  weeks  prior  to  testing. 
However#  the  gel  coat  sides  of  both  samples  showed  measurable 
quantities  of  water  present  (up  to  0.3S). 


27 


Thermomechanical  Analysis  (TMA)  provides  a  Measurement  of 
penetration*  expansion*  contraction*  and  extension  of  a  material  as 
a  function  of  temperature.  One  of  the  common  applications  of  this 
test  Is  to  determine  the  homogeneity  of  a  sample.  Since  the 
expansion*  contraction*  penetration*  and  extension  of  a  material  are 
characteristic  of  composition*  then  differences  In  the  thermograms 
Indicate  different  compositions. 

A  Perkln-Elmer  TMS  Thermomechanical  Analyzer  was  used  to 
perform  this  task.  The  TMA  operating  conditions  for  this  test  are 
described  In  the  table  below. 


TABLE  4.  TMA  OPERATING  CONDITIONS 


Sample  Size* 
Probei 
Atmospheret 
Heat  Rate i 
Pressure! 

Flow  Rate 
Temperature  Scant 


50  mg 

Penetration 
Helium 
10°C/m1n 
7  psl 

30  cm3 /min 
0-250°C 


A  staple  was  prepared  as  previously  described  In  the  "Sample 
Preparation  Section*.  A  sample  was  then  placed  In  the  sample  holder 
and  the  probe  lowered  until  It  just  touched  the  surface  of  the 
sample.  The  temperature  of  the  sample  was  Increased  at  a  rate  of 
10°C/a1n  and  the  displacement  of  the  probe  was  monitored  using  a 
linear  variable  differential  transformer  detector  attached  to  an  X-Y 
recorder.  Copies  of  these  recordings  may  be  found  In  Appendix  B 
pages  B-13  through  B-16, 
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TMA  Rasul ts 

The  TMA  results  support  the  contention  that  the  samples  are  not 
homogeneous  In  nature.  The  aiost  Important  difference  between  the 
bow  samples  and  the  stern  saeples  (both  external  and  gel  coat 
sides) *  Is  that  the  bow  saaples  show  a  significant  penetration  at 
60°C  followed  by  expansion  of  the  glass-filled  matrix.  One  expected 
cause  for  such  behavior  would  be  that  the  probe  was  resting  on  the 
cured  polyester  resin  surface  and?  upon  heating*  softens  the  surface 
and  penetrates  until  contacting  the  such  stlffer  fiber  Matrix  which 
was  expanding  with  the  rising  teeperature.  The  stern  saaples  did 
not  show  the  Initial  penetration*  indicative  of  a  resin-rich 
surface*  but  Instead  shoved  only  an  expansion  after  60°C.  This 
behavior  could  be  Interpreted  as  the  presence  of  glass  fiber  at  or 
near  the  surface  of  the  saeple.  The  closer  that  the  glass  Is  to  the 
surface  of  the  Material*  the  easier  It  Is  for  water  to  penetrate 
Into  the  Matrix. 

The  unhoMogeneltles  discovered  In  these  two  saeple  tests 
Indicate  variability  In  fabrication  control.  As  a  result  of  the 
variability*  It  Is  likely  that  problems  In  structural  Integrity  of 
the  laalnate  could  result. 

Gel  pereeatlon  chroaotography  (GPC)  Is  a  non-lnteractlve  Method 
of  Molecular  separation*  providing  a  Method  to  deteralne  the  molecu¬ 
lar  weight  distribution  of  a  saeple.  This  test  will*  therefore* 
give  an  indication  of  significant  cure.  Ideally*  a  100S  cured 
system  will  yield  no  extractable  material  but*  realistically*  no 
system  can  ever  eliminate  all  low-molecular  weight  materials, 
however*  this  method  is  valid  for  materials  with  molecular  weights 
In  the  thousands. 

A  Veters  Model  150C  AlC/GPC  gel  permeation  chromatograph  was 
used  to  determine  the  approximate  molecular  weight  of  the  extract- 
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able  polyester  from  the  composite  laminate.  Each  of  the  four 
samples  were  extracted  for  one  week  In  150  milliliters  of  chloro¬ 
form*  then  filtered  and  Injected  Into  the  GPC  column.  The  operating 
conditions  for  this  analysis  are  listed  In  Table  5. 


TABLE  5.  GPC  OPERATING  CONDITIONS 


Solvent) 

chloroform 

Flow  ratet 

1  mL/mln 

Temperature) 

23  °C 

Sample  concentration) 

2  mg/mL 

Injection  Volume) 

100  yL 

Columns)  . 

104-103-500-100  A  v  Styragel 

The  molecular  weights  reported  are  not  absolute  but  are 
relative  to  a  polystyrene  calibration  curve  for  the  given  condi¬ 
tions.  The  GPC  chromatograms  can  be  found  In  Appendix  B  page  B-21. 

The  GPC  chromatograms  Indicate  a  low  molecular  weight  species* 
as  evidenced  by  the  late  eluting  species  between  42  and  45  minutes. 
There  are  also  high  molecular  weight  materials  eluting  at  31 
minutes*  peaking  at  35  minutes*  and  ultimately  running  Into  the 
low  molecular  weight  peaks  at  42  minutes.  In  a  fully  reacted 
system*  none  of  the  peaks  would  be  expected  except  the  two  low 
molecular  weight  at  42  minutes.  The  peak  at  35  Is  probably  unre¬ 
acted  oligomer. 
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REP-AIR 


Many  attempts  have  been  made  to  develop  a  means  of  repairing 
blistered  hulls. *22>25)  The  best  of  these  yielded  about  an  80% 
success  rate.  The  recommended  procedure  Is  as  follows! 


Carefully  dry-grind  the  gel  coat  away  over 
the  defective  areas  down  to  the  laminate. 

Use  a  high-pressure  freshwater  spray  to 
remove  salts  and  contaminants  from  the  glass 
fibers. 

The  boat  should  be  placed  In  a  warm*  dry* 
well-  ventilated  place  to  dry  out.  This  may 
take  some  time*  depending  on  the  amount  of 
water  absorbed. 

When  the  laminate  is  absolutely  dry*  it 
should  be  covered  with  a  couple  of  coats  of 
two-pack  epoxy  or  two-pack  polyurethane 
paint*  being  careful  not  to  trap  any  air 
bubbles. 

A  solventless  epoxy  filler  should  be  applied 
to  fill  any  pits  and  cover  the  laminate  with 
a  thickness  of  at  least  0.8  mm  to  cover  all 
fibers  and  thereby  prevent  wlcklng* 

Pour  coats  of  two-pack  epoxy  or  two-pack 
polyurethane  paint  should  be  applied. 


One  filler  which  has  been  tested  for  this  type  of  applica¬ 
tion  Is  AF-163-2  from  3H.  AS/3501-6  graphite  epoxy  reportedly 
works  well  also. 
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FIGURE  B-2.  DSC  TRACE:  BO U  INTERNAL  LAYER 
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FIGURE  B-4.  DSC  TRACE:  BOW  EXTERNAL  LAYER 
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FIGURE  B-5.  DSC  TRACE:  BOW  EXTERNAL  LAYER 
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FIGURE  B-9.  DSC  TRACE:  STERN  INTERNAL  LAYER 
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FIGURE  B-10,  DSC  TRACE:  STERN  EXTERNAL  LAYER 
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FIGURE  B-ll.  DSC  TRACE:  STERN  EXTERNAL  LAYER 
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FIGURE  B— 12.  DSC  TRACE:  STERN  EXTERNAL  LAYER 
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FIGURE  B-13.  THERMOGRAM  OF  BOW  (EXTERNAL)  AT 
10  c/oln  HEATING  RATE  IN  AIR 


FIGURE  B- 14.  THERMOGRAM  OF  BOW  (INTERNAL)  AT 
10  c/min  HEATING  RATE  IN  AIR 
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FIGURE  B-1 7 .  TWA  ANALYSIS  OF  STERJ4  (iRTERNAL) 
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FIGURE  8-18.  TMA  ANALYSIS  OF  BOW  (EXTERNAL)  UYER 
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Bfeter  performance  of  GRP*y*l«cm{n  *tjusoitt»'hfiro 


L&Norrmod~Scatt  Batter  Company  Limited 
D.WEdpj*  -Htxvetaac  United  UK. 
A&HuMn  Limited  UK. 


Abstract 

Prolonged  and  contrauoul  contact  with  water  can.  in  ten* 
cases.  civte  blitter  forma  lion  is  glass  Abie  reinforced 
polyester  laminates;  that  paper  discusses  tka  results  of  an 
hsdtpeudent  study  of  Master  formation  is  various  GUP 
eyswns*  after  continuous  eonlect  with  diatiUeu  water  a! 

40 ’€  -  i  condition  estimated  to  live  as  accetaration  factor 
of  5  to  6  times  compered  with  the  same  ehvfeoonwnt  at 
23  C.  In  addition  to  diacuatim  the  effects  of  tsl-coet  se riser 
Uasue.  resin  type  and  |laat  type,  it  k  hoped  that  the  wort  at 
prerenr  in  progreas  will  bo  sttkfactorily  comptetad  to  that 
the  influence  of  additivea,  such  es  pignwats,  asd  other 
reinforcement  systems  can  be  described. 

The  paper  docs  not  set  out  to  captain  the  mechanism  of 
barter  (or  matron  nor  to  it  tin  piled  that  the  Patterns  dtocusatd 
will  totally  eliminate  the  problem.  Experimentally  li  hat  been 
ahown  that  aomt  gjasa-resin  eyatema  will  delay  the  onset  of 
blistering  for  cosesderably  loafer  periods  then  others 
Improvements  can  S«ne rally  be  obtained  for  •  modest  cost 
penalty  cither  in  terms  of  racnascd  materials  coat  or 
increased  fabrication  slme  bur  in  some  inrtarcei  mcl  trials 
showing  improved  blister  performance  are  unlikely  to  be 
acceptable  to  the  industry  because  of  their  difficult  handling 
cbaracttnetice  in  bend  laminating  situations. 

In  practice  there  are  examples  where  some  GRP  syttems  have 
resulted  in  blister  formation  tod  yet  there  are  countless 
other  examples  where  similar  systems  have  given  no  prob¬ 
lems.  It  is  concluded,  thereto™,  the;  blister  formation  cannot 
be  attributed  to  one  single  parameter  bul  to  a  combination 
of  piremtien.  such  ss  Inadequate  protection  of  the  laminate, 
incorrect  choice  of  material  foe  the  environment,  poor  cure, 
unacceptable  v«d  content  end  dry  patches,  and  In  some 
instance,  a  contribution  from  the  uecr  himself  -  incorrect 
choice  and  use  of  etch  pnmen  before  applying  antlfouling 
agents. 


t.  hetroduetiao 

■itstenng  in  GRP  structures,  which  art  continuously 
I  Rime  reed  in  wetcr  has  bate  given  much  publicity  in  recent 
yetis  end  yet  we  know  of  oniy  4  publications  on  the  level  of 
the  problem.  Plate  11  ( I )  reports  an  incidence,  in  Australia,  of 
■acre  then  10%  of  swimming  pools  showing  the  affects  of 
Watering  in  last  than  two  years.  Taylor  (2)  and  Olford  (3) 
stored  concern  over  the  instances  of  Wintering  hut  do  not 
quantify  the  level  of  the  problem,  although  pi  1973  (4)  it 
was  animated  that  i%  of  boats  and  4-39.  of  pools  Watered 
In  the  U.K.  If  these  are  reasonable  satinutu  then  there  is 
Indeed  u  ncod  to  flad  acceptable  estoilloai  to  tbs  problem  of 
Wtater  formation  in  GRP. 

Easmples  of  Wnttri  in  GRP  components  are  shown  in 
Figure  i .  They  form  by  a  process  known  as  "oemoeu"  and  la 
the  last  few  yean  mere  has  baton  written  about  blister 
formation  in  GRP  than  at  any  olher  time  since  its  intro¬ 
duction  into  the  marine  industry,  more  than  twenty-five 
yean  ago  Venous  aspects  of  tht  phenomenon  discussed  m 
the  literature  are  described  in  the  Appendix. 

■Itster  formation  to  c  complex  process  which  to  sffectei  «.  a 
greater  e«  taeaer  extant  by  the  type  and  tine* ness  of  gel-coats, 
the  type  of  twin,  additives,  the  type  of  retx'o.'cfmeni.  the 
laminate  coMtnsctioe.  manufacturing  defeat*  and  teretcc 
envvonment.  Quite  often,  but  least  wheeled,  damage  can  be 
caused  by  tbc  use  of  etch  prune u  Scion  applying  oniifussiing 
apt  at!  The  GRP  industry  via  ottered  recommeadauaas  a 


1973  (4),  supported  by  txperieaental  evidence,  which  would 
redact  the  (tog  of  Watt  cling  hi  GRP  coeapctunu.  Unfortun¬ 
ately  these  recommend i! tons  together  with  those  published 
by  Uclues  ( J)  of  Uoyds  Ragmtsr  of  Ujpy-m  end  the  RTF 
Recommendations  (*,  7)  hove  not  hoca  toapiemsated  by  tbc 
bdustry. 


The  suotk  dtortmu  i  tot  this  paper  wna  curried  out  by  an 
independent  son  house  (Kunetrttifhn  n  Rubber  Imtitmii 
TNO  tot  Holland)  at  the  requaet  of  Scott  Bader  Company 
Unritod  tad  Fibreglass  United.  TNO  tret  chosen  at  the  teat 
horns  boeauoa  of  their  expertise  in  this  area  o!  research, 
heviag  p  tit  liuMlj  carried  out  studies  foe  other  European 
materials  suppliers.  This  most  showed  that  imperfections 
each  as,  air  hstluakrel  -  either  Mr  fcubWus  or  tot  glam  fibre 
beodlss,  poerty  tospngnatad  ansa  is  the  rtlnfoectment; 
micro  crackt;  tad  placet  whan  there  to  poor  interlaminar 
adhesion,  can  initiate  Mistering  (I). 

The  aim  of  the  programme  wet  to  determine  which  GRP 
systems  were  moet  resistant  to  blister  formation  and  hence 
to  provide  practical  suggestions  for  laminating.  The  pro¬ 
gramme  discussed  la  this  paper  was  divided  into  two 

Photo  I :  involved  a  study  o'  the  effects  of  various 
dear  gekonts.  reton  types,  surface  veil,  and 
glws  mat  types  on  btiutr  formation.  Data 
obtained  from  this  phase  of  the  work  was 
presented  at  a  symposium  in  1979  (9, 10). 

Thaw  2:  involved  a  study  of  the  affects  of  additives, 
such  as  pigments,  other  reinfcrctmenu  and 
mixed  gills  system  ou  buster  formation. 


2.  Experiments! 

21  Raw  materials 

The  following  raw  materials  were  uaad  lo  conerinct  the 
laminates'  - 

(a)  PaJycaSor  Radius 

(I)  iaophlhaiK  geknat:- 

Type  I  -  baaed  on  a  medium  beat 

desk-clion  temperature  (HDT) 
fesphthalic  main, 

Typr  II  -  haatd  on  a  medium  HDT  too- 

phthaUs-SHopeutyl  glycol  ( NPG) 
Miloi 

Type  111  -  baaed  on  a  low  HDT  toophlhalic 

resin. 

(li)  Orihophebabc  back-up  tuton  (medium  HDT 
marine  seain). 

(Ui)  bophthalic  back-up  resin  - 

Type  I  -  medium  HDT  nunne  resin. 

Type  It  -  high  HDT  marine  ream 


«S 


(b)  IMaforaeeeealc 

(0  MOi/m*  uiAIOtlm*  amukiea  bmadad  abapped 
Komi  mat  (CSM) .- 

type  I  -  (net  “wM-out'*; 

Typ*  1)  -  do*  •\vet-oot". 

(it)  tOSs/B*  m i  450 gfm*  powder  booded  CSM :  - 
Typ#  I  -  a*i*C  potyvfayt  acatat*  (PVAJ 
fifrnmtn; 

Type  n  -  aMag  Mda  dud  fdasaace. 

(til)  Serfs*  tta*K-*'C"(taa  type. 

<i*)  tOQtlm1  balaoced  *****  mof. 

(c)  Aridity  UtittUi 

(l)  Dtp  kb*  pigment. 

(ii)  Whiu  plgmat. 

(Hi)  Metbyl  ethyl  ketooe  peroxide  (MEJCf )  catalyat. 


12  Uwiaet*  Camxractioa 

Tbe  Guidance  Salt  (6)  imwtd  by  the  SPF  «*n  mud  w  * 
nfcrenc*  for  the  contraction  of  the  hninam  Tksy  were 
bid  up  oo  «  Fonnics  wtftc*  el  t  temper  ecu  re  between  20 
*wd  31C,  and  i  relative  humidity  (RH)  kotewjo  44*  end 
41%.  Geleost,  when  teed  «w  applied  by  bra*  <700g/m’ 

■N>  0.5b*  thick  Uyer).  Tk*  felcoit  <w  allowed  to  curt  to  a 
Tacky*  Mate  before  tk*  back-tip  layer  of  turf  ace  liana  and/ 
or  iOOt/KT  CSM  wee  laid  down.  Tkk  w*  allowed  to  nut  to 
a  rabbcnlike  Mate  before  completing  tk*  i* static  witk  5  X 
450a/«i’  chapped  turned  aat  >t  wove*  roeiag/CSH 
oompotifa  (400, 450, 400 tin').  Each  iataiaaie  was  con- 
aolidatad  witk  a  aatal  roller. 

A  nMnifla*  ratio  o' 2.2}:!  wt  ated  for  tk*  CSM  aad  1:1 
for  the  wore*  raring  w  noommtaded  by  tk*  BFF  guidebne*. 
A  ntia  to  glaai  ratio  of  20: 1  WM  used  for  tk*  Mufact  tissue. 


2.3  Or*  aw)  Net  Owe  r nodlrket 


Type  I  *  Fibre  whitening,  no  birtten 
Type  2  *  At  1  but  with  tmcfl  Mitten,  or  null  blitter  only. 
Type  3  «  A*  2  hut  eo*M  of  the  Maun  (diameter  I -2mm) 
bad  buret. 

Type*  a  At  3  but  tone  biirtars  (diameter  i-4*m)  bad 
dubuot. 

Type3  '  (o*w Mieundiaaicttr 4 -S*b appear. 

Types  «  tun  of  fematka  of  Mitten  dta*tier>3smn 
Type  7  o  Sxteadoe  of  0. 

Typet  *  RtiiCen  for*  witk  diameter  >10iaat. 

The  higher  tbe  mart  the  awn  mdowt  the  bUatar  formation 

Eaanpha  of  each  MMh  type  Me  akowe  la  Figures  3-4.  No 
at impMa  eakMtad  type  I  Miaaaa  witk*  the  dun  lion  of  tkc 
eaperteent. 

tpadeaea  txxaiiaetiow  waa  atwaya  carried  out  by  two 
Mapeadeat  works®  a*f tkex  amaamaat  combined  aad 
avtragad.  At  tka  aad  ortka  export**  period  all  tk*  aampies 
wan  photographed. 


2.4  Tkt  PtegmRae* 

All  GKT  ryaUaes  ixankad  k)  tk*  PhtM  I  (duration  12 
saoalka)  an  wmauriaed  in  TaU*  1.  Lamisatae  etn  made 
it  duplicate  and  poet-cured  u  Oeecribad  earlier. 

42  irstea*  were  evaluated  in  Fhcee  1  -  aaiag  duplicate 
•pednera,  2  cute  ryeteaw.  aad  4  iaanenio*  periods  (Le.  3, 

4, 9  aad  12  montiu)  ~atot*lauatorof<72ap*cijnotwtit 
immersed  ta  water. 

The  lyruna  evaluated  is  Fhaae  2  an  chowa  ia  Table  2;  32 
*y title*  wen  evaluated ,  Util  involved  the  insertion  of  128 
spocimciu. 


y  RESULTS  ANC  NSCUSUON 

The  naiita  cf  tki*  taveatigetio*  kev*  beta  evaluated  ia  terras 
Of  the  effects  of  the  Udividaal  M*pnaitm  before 
txaMidbriag  hew  they  huercctvd  ertthln  the  total  GRP  syrtenr 


Tkrouflhout  tbe  prefect  3%  tfEKf  waa  uaed  with  tk*  pre- 
accalented  ream  taotpt  when  the  effect  of  catalytt 
ooocentntioa  wet  being  eaneeid. 

Phan  I  laminates  wan  port-cured  at  follows: - 

Half  a*  specified  by  the  EFF  guldtUttat  (24  koun  at  20*Coa 
the  auiuld  followed  by  14  hours  at  40*C)  aad  half  for  21 
day*  at  20*C. 

Fhat*  2  Umiautea  ewn  all  paat-cund  accocdlag  to  tkc  SFF 
guidtUam. 


2.4  Matkad  at  Idea  Maine 

Circular  apedaieatt  1 1  .Seta  la  dlanetcr  wen  at;  fro®  the 
tamiMlu  eod  damped  at  tk*  ends  of  tubes  with  ecr*w-on 
rapt  and  rubber  gaikeu  (act  Figure  2)  to  provide  Hguid  light 

teak. 

Tkc  vend,  t*  thee  loaded  with  laod  welgku  aad  floated 
oo  water  mca  that  75*  of  oo*  asrfice  of  tbe  laalaatt  vu  ia 
contact  with  dizUBcd  water  at  40  C.  Each  reaecl  -prtriiaeil 
two  ueatilaMoa  ports  ta  pnvaat  tua^ve  buAdaip  of  rater 
vapour  i*  coatact  with  the  other  aurfact  liaoc  tkt  «a perttaent 
MU  let  up  to  Mudy  ssapk  coatact  eoadltloa*.  Six 
Qoatlag  "ear If  wen  placed  ia  tech  water  taak  aad  atiit- 
talaad  at  ttatpertnire  ia  air  cu-culatlag  ovtw  as  a  relative 
humidity  haiew  40*. 


M  TbaCaieaat 


Tk*  data  Mtown  in  Tcklet  3  aad  4  show  that  the  uec  of  9*1- 
eoea  sfgaincaatly  prolongs  tk*  tl«M  to  ootet  of  Miner 
fonaatioe  aad  is  aumy  ayttaan  their  ue*  pcavected  blluer 
toatikm  within  the  tine  ecoit  of  tka  work. 


Tkt  kapktkellt-WyG  galcoat  tyttam  dhowa  aoaa  advaat^w 
otter  Ike  back  httfhtkeUe  aetooat  sya(e».  Tk*  iifhtettor  of 
pMocal  »a  bbteer  formeuoa  over  tbe  oeunlrte  Pbaae  I  work 
it  fifuttreMtS  la  Figure  7.  Han  the  haflueaoa  of  gf«a  type  aad 
nufaee  Maw*  tm  but  Maoead  wd  cleeriy  aa  ftfvtnttgr  it . 


■*h*4  by  ualag  aa  HopklkiUoWG  sMciSl'wCSlly  k  coo- 
oSiaperid  eilta  uul  dm  pScoated  ayelemt  aad  ttoflmu 


that  adkits  galcoatt  la  gaaenS  gbwagalealMt  pufttaart  to 
titer  ptlcaasa.  Tbit  wet  ad  aorapaceed  becoeaa  Uw  «klte 
gMcaat  tytasau  wad  ban  caataia  pigunat  pan*  diepaned  in 
tUgeiooat  base  taaiaiyslen  and  agile  haw  ■eltcelar 
weight  tartar  modi*  which  an  looeu  aueeafUbla  to  kydrdyus 
aad  Hhaly  la  glut  inferior  aaMataaat  to  MM*f  fecantioa.  The 
naaea  tie  tbe  poor  porfanutoca  of  the  daap  Met  gtioMt 
(ia*  TaMt  4)  aawr  be  weadahad  whh  (he  pfgaaat  carrier 
aodiUM  It  moot  captained  above.  St  h  alto  ohvtoac  from 

TftMtt  5  All4  4  tfrtt  tfcf  ^AnktHall/  VWaa  I  --  !•—  la  — _r> 


w» 


js»g£i 

Maad  m  a  nai*  of  lower  HOT  parfonot  itaa  well  under 


13  Method  ef  Aataariag  Water  Facasetiea 

Samptei  turn  viatthy  cxaariatf  every  2  waaku  dariag  the 
(bit  4  month!  end  thereafter  mry  4  waeka  tkater  fnrrdftpa 
ant  Jo4g*d  uamg  Ike  fcllowsag  ananmnat  tcktme  - 
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J.r  lacwuiiMt  iaw> 

lfM*"  rich  Liver  amnciaind  with  the  me  nf  ■  Surface (team 
am  unproved  blunt  taanuct  in  ill  an  cotupatwf  wfifi 
um  him  system  without  surface  tissue,  m  shown  m  Tobies 
3  tad  4.  Tin  ndventcjes  of  unnc  •  utrfact  tttue  in  tfeo 
flluetrated  in  Figure  8  independent  of  das  type  as 4  mb) 
type. 


M  Tfce  lai«iciHng  tab. 

Tbe  Jtminstinj  mini  inveatigitcd  in  the  programme  vnn  i 
merit*  medium  HDT  oribophthtlic  acid  based  mbi  «md  two 
■urine  tttphthalic  icid  bend  mini,  om  with  •  medium  HDT 
end  the  other  with  i  higher  HDT  The  date  obtained  for 
then  syitem  in  thown  in  Tables  3  ud  4  for  the  various 
U iwnate  const  ructions.  The  nophtlislk  add  baaed  lnajmllag 
mini  funnily  outperform  orthophthalic  add  baead  mini. 
The  perfonunce  of  each  resin  it  thown  tedepeadeatty  of 
glass  type,  gelccat  typn  tad  nrface  Untie  in  Figure  9. 

Itophthalic  add  baaed  tetiat  blow  better  radattnee  to 
blistering  than  ortho*  btholie  add  baud  gyttssa;  thie  k  a 
(unction  of  their  Kir  Jeeular  make-up  and  the  aeae  with  which 
the  eater  linhifi  b  .weuabte  to  water  aad  possible  hydrolysis. 
Thu  hea  been  rtcot  ued  as  e  major  coetributiag  factor  for 
aaany  yean  and  for  as  the  baaii  for  the  comet  IFF  recom¬ 
mendations  (6).  licit  bthalic-NPG  rcauti  have  even  metier 
retutince  than  the  bade  ioaphthalic  eyatenu  (11,13),  again 
at  i  mult  of  Meric  ClT  els.  Thu  ia  the  main  melon  for  iao- 
phthalic-NPC  gelcoatt jiving  better  perfoamanct. 

Even  if  an  itophthalK  net,'  based  ream  a  not  uatd  throughout 
Ui;  construction  advantage  can  be  gained  by  tiling  this  type 
of  ream  at  least  in  the  first  f  ’w  millimetres  of  "layup"  and 
hat  been  recommended  as  a  reasonable  compromise  (5, 6). 


3.4  kattfoietanmu 

Figure  10  shows  the  effect  of  different  types  of  CSM  on  GRP 
systems  without  gelcoet  and  independent  of  bach -up  main 
type.  Figure  1 1  shows  similar  curves  fos  gdeoeted  systems. 
Where  no  gelcoet  is  uaed  there  U  little  difference  between 
the  emulsion  bonded  mat  (ESI  Type  I,  and  powder  bonded 
met  (FB),  Type  1.  Powder  bonded  mat,  Type  II  does  give 
better  performance  but  is  conndtred  unsuitable  for  hand 
lay-up  because  handling  rad  air  release  difficulties  can  be 
encountered  when  fabricating  large  end  complicated 
etmetures.  However,  where  e  gelcoet  is  uaed,  Tables  3  and  4 
chow  that  generally  FB  mat  (Typt  I)  gave  •  better  per¬ 
fonunce  than  EB  mat  (Type  I).  Thu  it  also  iliustmted  in 
Figure  11. 

With  the  orthophthtlic  resin,  powder  bended  nuts  perform 
better  than  tnuitalon  bonded  mats  oacept  whan  a  neopentyl 
glycol  felcoat  u  uaed  (ate  Ttblc  3),  hen  the  emuhton  bonded 
mat  tytttm  approaches  the  result  obtained  with  a  powder 
bonded  met.  With  iaophthaUc  laminattcg  ruins  emulsion 
bonded  mat  can  perform  at  well  ■  powdti  bonded  mat  and 
when  Uifd  In  conjunction  with  the  MFC  gelcoet  the  perfor¬ 
mance  u  further  improved.  The  uae  of  a  XT'  glass  tttue  to 
give  an  even  better  reels  rich  barrier  results  in  further  im¬ 
provements  foe  all  systems  toadied. 

In  general,  tht  use  of  stow  wet-out  emulsion  bonded  guts 
gives  comparable  results  to  fast  wet-out  t mutton  bonded 
salts  (tee  Table  1). 

Table  8  suggests  that  white  woven  roving  it  uaed  In 
conjunction  with  FB  mat  (Type  I)  the  presence  of  the  woven 
roving  baa  no  observed  effect  on  blistering.  Insufficient  data 
wet  obtained  from  the  programme  to  draw  coodueiooa  from 
the  EB  mat  (Typt  IlfWR  system. 

In  otthophthalie  reals  systems,  a  tingle  layer  of  FI  mat 
behind  the  gelcoet  gives  tome  improvement  ha  blister  reuse 
lanes  (sat  Tabic  9).  However,  little  iaeprovaaeau!  U  reeFnad 
by  that  practice  whan  uaiag  the  ieopblhallc  mate  gyettsu. 


(i)  These  ere  no  siguifscnnUmprereemeuU  In  using  a  16 
tens  ai  4C  C  poet-cun  compared  with  38  day*  at  RT 
(9). 

(M)  Chopa  in  catalyst  esacottsatkm,  1%  to  2fc  of  HEKP 
had  no  affect  oa  (ha  rets  of  ttiatcr  formatku  m  ahoem 
ia  Table  ia 


4.  CONCUfUOttf 

(i)  It  n  important  to  consider  the  patfwmanrt  of  the  total 
kueinati  aymarn  rimer  bitter  fcneetkia  cannot  be 
attributed  to  osx  ittgit  factoc,  but  to  t  eonuroottoc  of 
fact  pel-  inadequate  protection  of  the  laminate, 
incorrect  material  relectioe,  poor  cun,  poor  fabrication 
(aapect.eUy  dry  pstrbta)  end  iaconeot  vat  of  aurUcc 
treatment:  aw*  as  etch  pitmen. 

(ii)  The  esoaientioo  factor  for  the  soak  reported  here 
must  also  be  taken  into  account.  Pur  single  Med 
imaurmoa  cetttWoat  ia  dttilied  water  at  40*C 
compared  with  the  acme  aaviroaaaaut  ot  23  C  an 
ecesle ration  factoc  of  S  to  *  tec  boea  obestved  (9). 
Hence,  many  of  tht  ayMares  investigated  would  thow 
no  signs  of  Mttaring  at  23  C  for  at  feart  5  years.  In 
(act,  seawater  coadiUsga  ay  .23  C  would  oadoubtedly 
result  In  a  greater  factor  kefisuet  it  is  well  known  that 
dttiUsd  water  Is  the  moat  uygteretee  madhire  in  which 
asich  expariavtan  can  be  carried  out. 

(hi)  Type  2  bitters,  uaed  ia  this  week  to  ducitbf  the  onset 
of  hitter  fenuctioua,  would  not  put  the  mechanical 
performance  of  tha  laminate  at  riah. 

(iv)  The  Incidence  cf  htttariug  in  C9RF  cun  be  greatly  re¬ 
duced  by  adopting  the  fuikvu&tg  psooadurea:  - 

•  Urn  iaophthaUc  galomw,  stteeciaGy  tkeet  baaed  on 
MFC  (ebser  or  white),  tthtw  the  waterline. 

•  Do  not  uae  deeply  coOtmnui  nnttmta  bulow  the 
uuteriine. 

®  lira  a  aurface  tijeue  in  iddiiioa  to  a  gelcoet. 

•  Uw  reahu  wfctcDi  art  tare  auaceptibk  to  bydroiytis, 
such  at  hophthulic  sett  baead  aysseme. 

•  lint  reinforcement  ooutalaiig  sowhydrotyeablc 
trio  (ter,  especially  with  ertbophtbaUc  based  resin 
tiyrteiBi.  This  is  tea  important  with  isopbthalic 
hurtvf  lytures. 

•  Emmae  compitf  e  wet-out  of  the  reinforcement 
tctiutfctr  with  Mlitimitl  void  contest. 

(v)  Ttefisidetttae  gives  Ia  the  BPF  document  (6)  provide  a 
good  bode  foe  delaying  the  ooaet  of  Mttering  This 
work  nipports  end  reUfcroet  many  of  the  racoameo- 
datsoui  made  he  the  B?F  document. 


AFFtNDtX 

Varioua  aapactri  of  the  blistering  phenomenon  have  bean 

dfecuMadla  the  literature.  A  eumaiaiy  of  tha  asttw  points 

■ssglusakera:- 

(U  ttttart  occur  ha  kmiaataa  after  kug  term,  uuioter- 
Nptad  iasmetaloa  in  weler  with  i  variates  time  acaSr 
of  mouths  to  yeerad,  It,  12, 13). 

(U)  Kwtere  occur  immediately  behind  the  gtlcoat  or 
behind  the  initial  layer  of  glues  at  a  reault  of  air  voids 
at  ialtrfacat  within  the  iaaiaatt  (11,12,13). 

(Ui)  The  psstusca  of  a  surface  ttaaue  immediately  behind 
the  gplcoat  reduces  the  ckaacu  of  hliMetttg  ( 14)  ns 
does  a  thick  gikosi  (1, 13). 

Os)  Osmotic  causes  hi  ere  tc  eayaod  -  a  fuactlcn  of  the 
mattpertmnbla  twee-rich  surface!  II.  12, 83, 14). 


<n 
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<«)  Edwards  ( I 3)  tuRfrtted  tbit  to  achieve  Milter  m» 
teoai  there  *  c  aoed  to  c*e  e  Rtkoat  with  i  low 
bemwibillty  me  for  witer.  Its  permeability  Mould  be 
{  equivalent  or  tower  then  that  of  tke  laminate  to  pre- 

ecct  tbe  bead-op  of  weter  to  volda  it  tbe  interface  - 
J  lm  (mi  for  ifc*  otcMKk  pfocni  to  occur. 

■  <»*>  cocteto  i  mlsture  af  low  molecular  wei«h! 

■toeuacci  dioeived  to  witer.  Tlw  liquid  teectt 
i  tekhetily  ( 1 1 . 13).  Tlw  upeto  comaoaltioa  la  ecetk 

i  sold.  Mall  quae  litres  of  other  eetdi  and  (iyeols, 

■MtaUk  kma,  product!  (oaoctoud  with  cetulycts  and 
*«»toreton,  piaatidmn  tad  leactioo  product!  of  dans 
fibre  coitiaRSf  II.  11). 
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process  should  wx  be  anted  to  stereos,  *3  aitmtioas  Id  the 
prevailing  seshaaisau  could  take  place.  Further  sssdeatioa 
can  be  achieved  by  total  tomerdoo  cf  lnafrsste*  in  water. 
This  is  a  denture  from  practical  teminate  usage  which 
a£®ws  water  to  permeate  feta  the  laminate  from  both  sides, 
aed  iartreasta  the  rate  of  filling  of  vc5ds  and  dry  patches.  The 
tipdvutage  is  that  observed  blister  ousel  times  no  loafer 
correspond  with  those  seen  in  service,  but  the  acceleration  is 
similar  for  all  the  panels  tested,  and  tfesrs  is  no  effect  on  the 
qualitative  onlaysii  of  aqueous  fluids  within  the  blitters 
except  »h»*  the  ffaPH  coltect,  ■»«<  ait  ediuted,  more  rapidly. 


B.  DAVIS,  J.  8.  GHOTRA,  T,  8,  MALH1 
aadG.PSTFCHAKD* 


ABSTHACf 

Cewotk  btoarina  ia  psiyautr-gk**  hmiwatu  is  reread  bv 
tfeprereijceof  Wire  of  wam-«ctii§te  aht^Tw 


t ns-* 


roT^'ry^  shows  both  kinds  < 
present.  Notable  ccttstkreau  of  the  fluids  ate 
ovknt  and  certain  ttrcaak  sshstawste,  tapctcteUy  gjyeols. 
This  paper  Ascribes  mohs  based  oe  the  analyst  of  •  large 
number  of  laminate*  using  a  variety  of  analytical  techniques. 


I.  INTRODUCTION 

The  development  of  blisters  between  gel  coat  and  back-up 
laminate  in  boat  hulls  and  swimming  pools  has  often  been 
noticed,  and  detailed  studies  of  the  subject  have  been  made 
(1-4).  Many  of  the  workers  inveu  (gating  blister  formation 
make  recommendations  for  sdaimiring  the  problem.  There  U 
general  agreement  that  the  cause  is  osmotic  pressure,  truing 
from  differences  between  solute  concentrations  on  the  two 
sides  of  the  gel  coat.  The  gd  coat  am  rathe  like  the  classics] 
srml-pemcafcle  membrane  investigated  by  Graham,  Traube 
and  Pfefftr  ( j).  This  paper  reports  an  analysis  of  the  nature  of 
the  solutes  responsible  for  generating  osmotic  pressure,  and 
rabies  this  analysis  to  compar afire  rues  of  blistering. 

The  mechanism  of  blister  feeraatioo  is  bettered  to  be  as 
follows.  When  a  laminate  Is  exposed  to  water,  there  is  in¬ 
variably  water  permeation  through  the  gd  coat,  mainly  by 
activated  diffusion,  bus  also  by  microscopic  surface  cracks  or 
pinholes  In  the  gel  coot,  arising  other  froct  fabrication 
procedures  or  subsequent  history.  The  water  collects  in 
micro  voids  cr  other  cavities  within  the  laminate,  and  slowly 
Otis  them.  Appreciable  quantities  of  cater -voiubk  tt&tuacts 
may  be  present  la  the  raato,  or  la  other  csast.fr  areas  of  the 
iwiaare  «  fta  —net,  bat  treat  tf  thay  aw  ihwtn  chomkal 
raactioaa  between  the  worn  tad  web  tererrtew a  s»  tenter, 
aim,  glam  tad  rsma  take  place,  wkh  tbe  fotaaatica  of  wmer 
atiwbtc  wbauacaa.  Coesaqueatly,  the  region  underlying  the 
ft)  coat  eventually  contains  pockets  of  concentrated  aqueous 
solutions,  and  diffusion  of  more  water  occurs  through  the 
membrane  so  as  to  dilute  three  solutions.  Provided  the 
osmotic  pressure  generated  is  high  enough,  the  *ri  coat  will 
either  blister  or  crack,  depending  on  ks  mechanical 
properties. 

The  processes  of  penaeatkw  and  of  hydrolysis  are  greatly 
accelerated  at  ekvattd  temperature*.  This  rsahtes  studies  to 
be  made  more  conveniently,  without  waiting  for  two  « three 
years  for  blisters  to  fevm.  However,  accekrttioo  of  the 
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2.  EXH 
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«a  wm  msssm^Mite* 

produced, “HI!  fryhariS  lay-#.  shoot  4  tmr- 

thick  and  measured  914  met  x  503  mm.  Tb@  reiafsrctsnau 


Ci 


consisted  of  four  elks  of  strand  taut,  jaqjnggfisted 

with  an  orthephthsik  polyester  resia,  and  three  wta  an 
laophthalic,  preaccekmed,  tfrixotro$^  gd  coat  cc  ooe  side. 
Glass  content  was  25-25-31  (w/w)  asd  cs^stsd  of  dapped 
sesad  33*3  of  three  kinds  (ell  300  g/m3): 

(!)  APVAesssdsisn-bressd^at  wf?h  a  PVA  dze. 

(5)  A  polyester  powder -sound  mat  with  a  PVA  she. 

<3)  A  pdynstre  powder-bound  teat  with  a  predominantly 
powdre-bouad  sirs. 

Types  1  asd  2  possessed  completely  identical  sim,  coupling 
agents,  and  a  bundle  tex  of  102.  The  third  type  was  treated 
with  the  same  silanes  ht  a  different  proportion,  and  the  glass 
bundle  tex  was  only  31 . 

The  following  additional  factors  were  investigated. 

(1)  Addition  of  Oxford  Blue  pigment  to  the  gel  coat. 

(2)  Use  of  three  Uophthalk  gri  coat  roles  of  shrills? 
formulation.  Gel  coot  thk&acu  was  0.7  mm, 

(3)  Use  of  two  mould  release  agents,  one  being  ttteaualiy 
paraffin  wax.  the  other  an  aqueous  solution  of  poly 
vinyl  sicohol. 

(4)  Use  of  two  caodyv/aceeterntoe  systems  for  the  lay-up 
resin;  ooe  was  methyl  ethyl  krone  hydroperoxide  with 
cobalt  cctouie  accelerator,  the  otho  benzoyl  peroxide 
•ad  dimethyl  tailioe. 

(5)  Variations  in  fabricate®  proc-dure. 

(6)  Alteration  of  add  value  of  the  lay-up  resin. 

(7)  Additloc  of  free  glycol  &  both  the  gtl  coat  and  the  lay¬ 
up  mins. 

(t)  Addition  of  extra  dimethyl  phtlakte  to  the  lay-up 
resin. 

The  precise  nature  of  the  vwrtatkseo  in  Inrstaare  corepoefesoo 
and  prcdtsaicc  preowktre  w61  be  sgpara*  fccen  the 
gbewreton. 

All  the  kainates  were  allowed  to  cure  at  20  *  4*C  for  24 
hour*,  sad  port  cured  as  40*C  foe  Id  hour*.  They  were  then 
cut  into  smaller  pieces  and,  after  storage  far  periods  ranging 
from  20  to  290  days,  moat  of  esch  variety  were  pointed  using 
eight  different  painting  ptoeedures.  Three  piece*  cf  each  kind 
of  unpaisutd  taminoie,  measuring  303  mm  x  1 32  mm,  were 
immersed  in  diuilkd  water,  ooe  at  20  *  4  *C  and  two  as  43  * 
2*C.  The  pointed  panels  (132  x  101  mm)  were  Immersed  at  43 
*  2*C. 

The  blistering  of  the  painted  panels  *  11  be  reported  In  a 
separate  publication. 


The  immersed  panel  surfaces  were  examined  regularly,  and 
when  bftsttrs  formed,  their  nature  and  sizes  were  noted. 


syri  nge,  and  stored  in  sealed  glass  am  pouter  for  toiayiis. 

The  water  in  the  immersion  tanks  was  analyzed 
periodically,  to  determine  whether  any  significant  dissolution 
of  cations  occurred  from  the  tank  wails,  the  heater/dr- 
dilators  or  any  other  source. 
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A  Pyc  104  instrument  was  used  with  a  flame  ionization 
detector.  A  4  metre  stainless  steel  column,  of  3  mm  internal 
diameter,  was  used  with  Porapak  P-S  (a  copolymer  of  styrene 
and  divinyl  benzene,  silanized)  and  sometimes  with  PormpaV 
Q-S  (a  copolymer  of  ethyl  vinyl  benzene  and  divinyl  benzene). 
Both  these  stationary  phases  were  supplied  by  Phase 
Separations  Ltd.  Temperature  programmed  chromatographic 
analyses  were  performed  and  several  peaks  were  assigned  by 
direct  seeding  (acetone,  methyl  ethyl  ketone,  acetic  acid, 
benzene,  toluene,  the  xylene  Isomers,  styrene,  ethyl  benzene, 
benzaldehyde  and  the  two  glycols  used  in  making  the 
poiyc.;cr  resins,  .uar.r'y  propylene  glycol  and  dieihylene 
alvcri;.  Nt>  was  made  to  estimate  either  the  less 

vtjlrtilt  dibasic  acids,  or  the  dimethyl  phthalate  from  the 
catalyst  diluent, ’ »cause  their  low  solubility  in  water  suggests 
that  they  could  not  contribute  substantially  to  osmotic 
pressure  generation.  Semi-quantitative  analyses  were  per¬ 
formed  for  the  five  major  organic  compounds  found. 

Cndoa  i—fydi 

A  known  volume  of  each  blister  fluid  was  heated  with  a 
known  volume  of  concentrated  nitric  acid  (A.R.)  to  destroy 
any  organic  species  present,  and  the  residue  extracted  with 
dilute  hydrochloric  acid,  followed  by  analysis  for  cations 
using  a  Corning  Model  400  flame  photometer.  AAG  Varian 
and  Perkin-Elmer  370  atomic  absorption  spectrophotometers, 
blanks  were  performed  in  each  case.  Qualitative  information 
was  also  obtained  from  an  EDAX  analyser,  coupled  to  a 
Cambridge  600  scanning  electron  microscope. 

The  water  in  which  each  type  of  glass  mat  had  been  refluxed 
for  7  days  was  analysed  by  atomic  absorption  spectroscopy  to 
determine  the  extent  of  cation  leaching.  Cations  in  the  glass 
fibres  themselves,  and  in  the  residues  from  ignition  of  some  of 
the  resins,  including  a  pigmented  one.  were  detected  by  the 
EDAX  technique.  Quantitative  anlaysis  of  the  ash  from  the 
lay-up  reisn  was  performed  by  atomic  absorption  spec¬ 
troscopy  and  flame  photometry. 

■  t 

fra  gfycai  aMtyab 

The  quantity  of  free  glycol  leached  from  samples  of 
laminate  after  prolonged  storage  and  then  two  days’  reflux  in 
water  was  determined  by  GLC. 

3.  RESULTS  AND  DISCUSSION 

3.1  General  observations 

This  program  involved  the  immeri’on  of  over  a  thousand 
panels,  and  it  is  not  practicable  to  present  all  the  results 
obtained  in  one  paper;  the  effects  of  painting  the  laminates 
will  be  described  elsewhere.  This  reduces  the  scope  of  the 
present  discussion  to  a  few  hundred  panels. 

St  should  be  remembered  that  throughout  the  blister  growth 
process,  water  is  entering  the  blisters  and  diluting  the  fluids 
contained  therein.  The  higher  the  Initial  concentration  of 
solutes  in  the  Misters,  the  greater  the  initial  osmotic  pressure, 
and  the  faster  the  dilution  occurs.  Thet.  fore,  at  relatively 
short  immersion  times,  there  will  be  a  greyer  disparity  be¬ 
tween  observed  concent rstions  in  various  blisters  than  is 
detectf  Me  later.  The  time  chosen  for  sampling  the  blisters  had 
to  be  late  enough  for  significant  sized  blisters  to  have  grown  In 
a  large  number  of  panels,  't  was  decided  that  blister  fluids 
would  M.  sampled  after  about  125  and  240  to  270  days  in 
water  at  45*C. 

Even  so,  many  laminates  did  not  produce  any  Miners,  or 
ebe  produced  large  numbers  of  very  small  ones  which  were 
very  difficult  to  sample  in  any  quantity. 

The  addition  of  2.3%  dicthylene  glycol  to  the  gel  coat  resin, 
and  2.5%  propylene  glycol  to  the  lay  up  resin,  was  carried  out 
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easily  analysed, 

glycols,  but  for  cations  as  well.  However,  the 
possibility  tiiat  cation  conccntraton  is  increased  or  decreased 
by  the  presence  of  significant  glycol  in  the  blister  fluids  must 
be  considered. 

The  Nkun  Ip  Ike  Mfdaaad  IrariastM  farmed  bctwOh  pel 
<40*  tfccfc-RR  taaWttte.  TWjkhowtd  glass  fibers  un¬ 
derneath,  and  were  sometimes  aligned  with  the  fibers  (Fig.  1). 
Some  panels  had  no  blisters,  some  contained  many  small  ones 
(up  to  3  mm  diameter)  while  others  contained  medium-sized 
ones  (3  to  6  mm  diameter).  The  largest  blisters  were  in  excess 
of  6  mm  and  relatively  uncommon.  Fully  developed  blisters 
were  rather  fiat  in  shape,  and  often  contained  purple 
cotorations. 

3.2  Relative  rates  of  Mister  formation  la  napalated 
laminates 

One  of  the  most  important  faqors  causing  accelerate 
bGtter  irowih  was,  as  stated  above,  the  addition  of  free 
tlyools  to  the  resins  (Fig.  2).  This  is  probably  because  glycols 
a  are  water-soluble,  whereas  dimethyl  phthalate,  which  is 
present  at  comparable  concentrations  as  a  catalyst  diluent 
had  no  such  effect.  If  the  wateT  solubility  of  trace  substances 
is  a  significant  psrs'v.eter,  then  acetic  acid  from  the  hydrolysis 
of  polyvinyl  acetate  binder  should  also  encourage  blistering 
Fig.  3  allows  that  the  emulsion-bound  chopped  strand  mat  die 
produce  more  Misters,  just  as  it  was  reported  to  ha! 
the  tavesttgadon  by  Norwood  (1)  ct  al.  The  finer  tex  of  type 
jtm  ni[L  have  contribuieo  to  the  improved  blistei 
resistance. 

Styrene  has  a  solubility  of  less  than  0.05%  by  weight  i 
water  at  45‘C,  and  should  not  itself  contribute  much  t 
osmotic  pressure  generation.  However,  in  presence  of  fret 
radicals  (R  )  and  oxygen,  the  following  series  or  reaction! 
appear  probable  (6):  j 


a*  -gggSH  much’ 


,  moo /CB  jCHOo)  CB  ,CBOO* 
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RCBi^H-OO* 

9 


0CB-Clj 
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where  n  ■  20  to  30. 

The  product  then  decomposes  as  a  result  of  heat  or  light  t 
give  benzaldehyde  and  formaldehyde  alternately,  in  a 
exothermic  chain  reaction: 


i  *  J 
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Styrene  could  alternatively  be  oxidized  directly,  in  t) 
presence  of  a  suitable  oxidizing  agent,  to  benzaldehydi 
ben/oir  acid,  styrene  oxide,  phenyl  glycol  or  phtr.yl  glyoxal 
arid(f) 

fnr  benzoyl  peroxide-dimethylaniline  catalyst/acceleraU 
systen  adversely  affected  blistering  rate  (Fig.  4)  possibly  l 
producing  hydrophilic  nitrogen-containing  substances  an 
benzoic  acid,  as  shown  below:  j 
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it  should  be  noted  thu  all  »br  gel  coats  were  pro-accelcrated 
with  cobalt  accefecetor,  «r*d  aolv  the  Uy-up  rain  -as  a:o*d 
■with  the  amine  system. 

As  expected.,  a  leww  acid  value  in  the  lay-up  rain  produced 
an  improvement  in  Mistr  cruet  time  (Fig.  5)-  This  could  he 
because  of  lower  quantities  of  residual  add  and  glycol  or 
because  of  fewer  hydrolysis  and  permeation  rase*.  The  add 
value  wt?  about  2.5  In  all  cat’s  except  those  given  in  Fig.  5. 
r  AdflliratM  (VsfofOltftf  pifmet-t  yat  twad  fe  eccdcraie 
blttieriag  rate  (rig.  6).  The  release  Gfwaer-toiu&le  sub- 
^iwSCwHtr^foniTSK  jrfgram  or  Iran  its  earner  (3 ),  might 
be  suspected.  Direct  mixing  of  solid  plgroau  with  the  rtsisi. 
without  using  a  carrier,  also  produced  slight 'y  faster  blieerieg 
rates. 

Theefstsi  of  fahrfeatfe«piX>i»dajisaoxaaoJh{iite»ii*Ua 
eaaptex  cfuauiea,  dace  several  fabrkatthai  faults  ...ass 


'  <»  j^.tagWMj^B.ctiteM,n8a».  living  dn  rench^ 

(2)  ,yt  Isciunk. 

,  (3)  ocl  coat  of  tmevro  toners,  cr  comalnfea  pinholes- 

\a)  dlowfeg  exctnivt 

(3)  JSO  ?ets>  Wist  gd  coat  ap- 


Observations  of  large  numbers  of  staefe  mgde  with  poor 
iqpreytwtkH!  iV-wed  IK?  teeww  in  NUariag.  If  any  trend 
could  Ve  observed,  the  opposite  was  the  case.  This  might  be 
because  the  targe  dry  patches  could  easily  absorb  all  the  water 
diffusing  into  them  without  forming  a  concern  rated  solution. 
The  laminates  made  in  this  way  were  also  predated  with  a 
shorter  Interval  than  usual  between  applying  the  gd  coat  and 
adding  the  first  layer  of  tdnforcescat.  This  did  not  increase 
bUiteriag  rate. 

The  powlhdtty  of  esestslvt  styrene  evaporation  from  tic 
gd  coat,  before  addition  ef  rsicferoemoit,  arism  from 
inhibition  or  retardation  of  gel  coat  cure  caused  by  con¬ 
tamination  with  an  inhibitor,  by  incorrect  quantities  of  ex¬ 
cessive  surface  air-fiew  or  exceptional  operating  tem¬ 
peratures.  One  pccdbfe  cause  of  cure  retardation  might  be 
application  of  lire  gel  coat  to  a  surface  made  damp  by 
Inadequate  evaporation  of  aqueous  mould  release  solutions 
(7).  This  is  detmrslcad  by  the  precise  operator  technique  and 
workshop  temperature,  but  should  nos  be  a  problem  with  wax 
tvkase  agtnu.  QcJUfcgw  m  PtftfSa 

«j»  wtrr  dreMktfegr  to  dcvrtgp  biitttrs  than  those  pad; 
j»itnapoi>,v~in>1  afeobol  mould  reltateayrrt,  A  faulty  iticoat 
“cStUMve' ' V permeability  to  water  than  normal, 
because  of  inadequate  crossliaking. 

The  effect  of  water  temperature  on  Mistering  rate  is  shown 
to  Fig.  i.  Many  laminates  which  first  showed  blisters  at  45  *C 


in  less  than  60  days  did  not  show  any  .  6  months  at 

ambient  temperature.  In  many  other  tst  time  was 

increased.  Ccit  elation  factors  vcrk-1  from  out  2  up  to 
nearly  20,  making  it  difficult  So  predict  h  ring  rates,  at 
ambient  temperatures  from  the  tcceisrt ted  v  u  45  *C. 

1.3  O^wiwdrii 

As  expected,  ED  AX  examination  shows  t  presence  of 
iilicon,  cektuns,  potassium,  sodium,  ti^neslum  and 
aluminum  in  the  water  in  which  portions  of  if glow  mat  itself 
bad  been  heated  in  boiling  water  for  sever,  jays.  The  or- 
thophthalk  laminating  resin  was  ashed  to  tyroduce  3  mg 
residua  from  100  grams  of  reda,  and  this  mtdoe  eaatniBcd 
traces  of  Si,  Ca,  Mg,  S,  K,  Fe,  Co,  Cu,  Za,  Ms,  and  T».  On  the 
other  hand,  a  thixotropic  feophthalfc  ;el  coat  produced  a 
much  feigtr  residue  (2.735b)  consisting  mainly  of  silicon,  with 
some  magnesium  and  cobalt  tracts ,  Uz  pigmented  equivalent 
gave  3.4%  solid  residue,  contaiaiag  silicon  and  titanium  with 
some  chromium,  copper  magnesium  and  cobalt.  Aluminium 
was  not  detected  and  may  have  been  masked  by  the  silicon. 

Quantitative  analysis  of  the  ash  fro®  the  fey-up  min  in¬ 
dicated  the  presence  of  100  ppm  (based  an  resin)  of  sodium, 
end  3  ppea  calcium  (by  (fesae  photosssuy)  together  with  1.3 
PS*r.  tine  aad  0.2  ppm  magnesium  (by  atomic  absorption 
spectroscopy).  Sodium  would  be  expected  to  escape  during 
asbistg  and  the  above  figure  is  therefore  tow. 

The  above-mentioned  cations  released  from  chopped  strand 
mat  after  boiling  in  distilled  water  of  pH  7,  were  also 
quantified  by  flame  photometry  and  atomic  absorption 
spectroscopy-  The  use  of  addk  or  alkaline  water  might  well 
feave  produced  burger  quantities  of  cation*.  The  pH  of  the 
blluer  fluids  was  fouod  to  be  4  to  3;  Brueggemano  reports 
rather  higher  acidity  (4). 

Fig.  9  shown  the  cation  concentrations  In  a  typical  blister 
fluid,  after  320  days  fe  distilled  wafer  as  43*C.  Estimations  of 
calcium  made  by  flame  photometry  agreed  wei)  with  these 
obtained  by  atomic  absorption  spectroscopy;  the  main  cat  fens 
were  sodium,  potassium,  catdum,  aluminium,  and 
uregsrebea.  Additional  data  is  l&ble  I  thews  the  kind  cf 
variations  bet  ween  panels.  Those  laminates  containing  type  I 
glass  produced  cation  concentrations  as  high  as  those  made 
with  powder-bound  mats  (types  2  and  3).  The  improvement  in 
Mistering  rates  (Fig.  S)  could  be  caused  by  reduced  con¬ 
centrations  of  aettk  Aad.  However,  this  question  is  still 
undecided  (see  section  3.4). 

Mott  of  the  femittatet  in  table  I  contained  extra  glycol, 
because  laminates  of  this  kind  almost  invariably  produced 
btiuert  targe  enough  to  supply  fluid  for  atomic  absorption 

analysis. 

Ratios  of(Ca  *  * )  to  {Zn  *  ’ ),  and  of  {Mg  *  * )  to  i£a  ’  * ), 
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were  my  much  grater  than  those  found  in  the  lay-up  resin, 
and  the  majority  of  the  cations  Ca 4 ♦,  Mg* ♦  and  AT 4 * 
could  only  have  been  extracted  from  the  glass  fiber.  Iron  it 
present  in  E-glats  but  was  probably  obtained  from  the  in* 
aersion  heater,  and  copper  could  be  derived  front  the  copper 


phtbaktcyanine  pigment. 

The  of  the  cticta  csac^gton  «lra  fTabtel) 
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M  Organic  analysis 

Organic  water-soluble*  could  originate  in  the  resin,  the 
glau  treatment  (especially  the  binder),  the  catalyst,  the  ac¬ 
celerator,  or  the  diulents  in  which  the  catalyst,  accelerator  and 
pigment  were  dispersed. 

Fig- 10  shows  the  principal  organic  compounds  found  in  a 
typical  blister  fluid  after  270  days  at  4S*C.  The  two  glycois 
were  present  at  higher  concentrations  than  the  other  major 
constituents,  namely  acetic  add,  styrene  and  becsakfchyite. 
Surprisingly,  glycol  cooces.irttionr.  were  no  higher  is 
tanneries  to  which  glycol  had  been  deliberately  added  than  in 
the  others,  but  this  can  be  explained  by  the  fact  that  dilution 
rates  must  be  proportions!  to  initial  concentration,  and  to 
glycol  concentrations  tend  to  converge  at  high  immersion 
times. 

The  very  long  retention  times  gave  opportunity  for  rattion 
to  occur  between  constituents  ou  the  column,  especially 
between  acetic  add  and  glycol.  Consequently,  the  G1X 
analysis  given  here  is  merely  an  indication  of  orders  of 
magnitude  and  could  b;  in  error  by  underestimating  tome 
eseeentrstkm*. 

Pfcthalic  and  fumark  add  were  not  estimated,  because  this 


would 


required 


preparation 


methyl 


dmveUves.Smkll  concentrations  of  methyl  ethyl  kaooe  nt« 
found,  possibly  front  the  initiator  end  traces  of  atetoce 
(either  fro©  the  GLC  syringe  w  the  laminating  rollers). 
Various  hydrocarbons  were  identified;  many  cf  these  were 
twpoiyBseriiftblt'  impurities  in  uyreoe  monomer  (tee  Fig.  11). 
Table  2  gives  a  few  examples  of  the  GLC  results  obtained. 
Porapak  Q-S  column  packing  appeared  to  give  improved 
glycol  stability  and  higher  cooccmraiicas  than  Porapak  P-S. 
Because  of  the  loo*  retention  times,  the  recorder  output  could 
w»  be  monitored  continuously,  and  soostimet  the  glycol 
peaks  went  off  scale  with  Porapak  Q-S.  Osmotic  pressure 
generated  from  combined  glyccU  was  assessed  at  between  one 
and  ten  atmospheres  at  the  125  and  270  days  stages.  Acetic 
ifesd,  where  present,  contributed  up  to  eleven  atmospheres, 
bus  was  not  found  at  *11  in  some  laminates,  tadudlng  tome 
amulsion-hound  mat  laminates.  This  could  again  be  caused  by 
reaction  with  other  constituents  of  the  blister  fluids,  either  on 
the  column  or,  meet  likely,  prior  to  sampling.  Blisters  from 
laminates  ace  containing  added  glycol  but  showing  large 
quantities  of  acetic  add  tended  to  appear  in  the  tarty  stages 
(JO  K  50  day a)  along  with  glyeaS-iaduced  blisters. 

AMtion  of  extra  dimethyl  phthalate  had  no  obvious 
stndrasy  to  burette  biuteriag  rase.  This  substance,  or  other 
tismkr  phthalates,  is  used  as  a  cauiysi  carrier.  It  has  a  low 
water  aotubtisty,  bus  coaid  coaeovably  uoderfo  some 
hydrolysis  to  fora  alcohol  The  alcohol  would  probably  be 
too  volatile  to  remain  in  the  bhuer  fluids  for  toog. 

Table  3  show*  :he  GLC  analysis  of  free  glycols  extracted 
from  the  lamtnrtes  after  prolonged  storage  and  then  two 
days'  Immersion  in  boiling  water.  The  extra  propylene  glycol 
(in  those  laminates  to  which  it  had  been  added)  is  dearly 
evident  at  about  the  expected  concentration,  but  the  extra 
diethylene  glycol  was  not  apparent.  This  is  explainable  by  the 
fart  that  diethyieoe  glycol  was  added  to  the  gd  coat  resin  and 


propylene  glycol  to  the  lay-up  resin.  Therefore  the  overall 
percentage  of  increase  in  diethykne  glycol  was  small,  and  its 
location  encouraged  diffusion  out  cf  the  laminate  during 
storage. 


c  cations  and  of  organic 
substances  in  the  blister  fluids  hive  been  animated  setisi- 
quantitatively.  Several  cations  were  found,  and  con¬ 
centrations  of  up  to  0.7k»  ]»y  weight  were  detected  evr*.  alter 
nine  months  of  immersion.  Cekiwn  n»  far  the  most  com¬ 
mon  cation  specks.  Ths  observed  ooneeturations  of  errt&ss 
did  not  depend  oo  glass  msx  binder. 

The  main  organic  substances  present  were  the  glycols, 
bsualdehyde,  styrene  and  (sometimes)  acetic  arid,  but  many 
ethers  were  identified  at  low  concentrations. 

Complications  arose  in  the  analyst  of  the  Wist**?  fluids, 
because  of  the  interaction  between  the  constituents  in  the 
blisters  before  sampling,  or  during  storage  in  sealed  am¬ 
poules,  or  subsequently  on  the  GLC  column.  Consequently 
the  hnerpretation  of  the  analytical  data  and  correlation  of  the 
data  with  observed  bilst  r  development  rates,  should  not  be 
regarded  as  quantitative. 
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